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FOREWORD 


The!  Third  Symposium  on  Detonation  is  the  continuation  of  the 
series  of  Navy-sponsored  discussions  of  this  subject,  which  have  been 
scheduled  at  irregular  intervals  as  new  advances  in  the  science  make 
an  assessment  of  the  current  state  of  the  field  timely.  The  first 
two  symposia  were  sponsored  by  the  Office  of  Naval  Research.  On  this 
occasion,  the  Naval  Ordnance  Laboratory,  White  Oak,  one  of  the  labor¬ 
atories  under  the  Bureau  of  Naval  Weapons,  is  joining  with  ONR  in  the 
continuation  of  these  symposia. 

Unlike  the  previous  syn5)osia,  the  scope  of  this  one  has  been 
limited  to  condensed  systems.  This  restriction  is  based  on  the 
existence  of  more  opportunities  for  presentation  of  research  on  gaseous 
detonation  at  relatively  frequent  meetings  of  various  scientific  and 
engineering  societies. 

The  object  of  this  symposium  is  to  bring  together  scientists 
actively  engaged  in  research  on  detonation  to  discuss  the  current 
status  of  related  research.  To  achieve  this,  the  or^uiizers  of  the 
synqjosium  have  invited  review  papers  on  the  three  topics  being 
emphasized:  E^qplosive  Sensitivity,  Detonations  and  Shocks,  and  Non- 
Steady  Detonations.  These  are  supplemented  by  contributed  papers  to 
include  the  results  of  current  research. 

The  papers  are  being  published  in  two  groups,  one  containing 
the  unclassified  contributed  papers  and  the  second  containing  the 
review  papers  and  classified  contributed  papers. 

The  sponsors  of  this  syn5)osium  are  of  the  opinion  that  the 
exchange  of  i*esearch  information  and  concepts  will  stimulate  advances 
in  this  conq)lex  field  of  the  interaction  between  flow  and  exothermic 
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chemical  processes.  In  addition,  advances  in  the  understanding  of 
detonation  phenomena  are  becoming  more  and  more  important  to  the 
Department  of  Defense  and  other  agencies  of  the  government.  This 
increases  the  value  of  making  certain  existing  knowledge  is  available 
to  those  having  need  for  it. 

To  all  those  contributing  to  the  success  of  the  syinposium, 
the  organizers  wish  to  express  their  sincerest  appreciation.  Special 
thanks  go  to  the  individuals  undertaking  the  difficult  task  of 
preparing  the  review  papers;  to  the  session  chairmen;  to  the  staff 
of  Project  SQUID  of  the  James  Forrestal  Research  Center,  Princeton 
University,  for  haindling  many  of  the  arrangement  details;  and  to 
Princeton  University  for  the  use  of  its  facilities. 


James  E.  Ablard 

Chemistry  and  E:q)losives  Program  Chief 
Naval  Ordnance  Laboratory 
White  Oak 

Ralph  Roberts 

Head,  Propulsion  Chemistry  Branch 
Office  of  Naval  Research 


During  my  eight  years  organizing  The  Detonation  Symposium,  I  have  received 
inquiries  about  copies  of  the  first  three  symposia  (which  were  never  published  in  hardback 
form).  In  response  to  your  inquiries,  the  first  three  are  now  hardbound.  The  first  two 
symposia  are  combined  in  a  single  hardbound  volume.  The  third  symposium  is  in  a  separate 
hardbound  volume.  All  of  the  papers  in  these  symposia  are  now  unclassified. 


Naval  Surface  Weapons  Center 

White  Oak,  Silver  Spring,  MD  20903-5000 


James  M  Short 
June  1,  1987 
White  Oak 
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A  COLLIDING  BALL  HIGH  EXPLOSIVE  IMPACT 
SENSITr/ITY  TESTING  MACHINE 


C«  M.  Bean>  G.  P.  Cachia,  J,  Kirkham 
Atomic  Weapons  Research  Establishment, 
United  Kingdom  Atomic  Energy  Authority, 
Aldermaston,  Berkshire,  England* 


INTRODUCTIOH 

The  impact  sensitivity  machines  normally  used  in  testing 
high  explosives  not  only  employ  considerable  impact  energies  but  form 
complex  elastic  systems  not  readily  variable  in  a  defined  way.  An 
elastically  much  simpler  system,  described  in  this  paper  is  therefore 
being  developed  and  is  based  essentially  on  the  symmetrical  collision 
of  twa  identical  hardened  steel  spheres  (ball  bearings).  The  advan¬ 
tages  of  such  a  machine  as  a  research  tool  are  the  ease  with  which 
the  diameter  of  the  balls  can  be  varied  and  the  facility  of  being  able 
to  oalculate  how  much  energy  is  deposited  in  the  sample.  This  is 
possible  merely  by  measuring  ball  velocities  before  and  after  colli¬ 
sion  and  their  masses,  since  no  energy  can  pass  across  the  plane  of 
symmetry.  Also  by  virtue  of  this  symmetry  the  supporting  structure 
plays  no  part  in  the  impact  and  thus  can  be  made  of  a  simple  light 
construction,  fully  portable  and  of  low  cost*  The  impact  characteri¬ 
stics  of  colliding  balls  are  well  known  and  give  some  idea  of  the 
conditions  pertaining  in  the  sample  but  exactly  how  much  the  presence 
of  the  sample  modifies  tlie  simple  impact  conditions  is  not  yet  known* 
DESCRIPTION 

The  machine  is  shown  diagrammatic ally  in  Pig*  1  and  consists 
of  two  steel  balls  suspended  on  piano  wires  so  that  when  the  wires 
are  vertical  the  balls  just  touch.  The  wires  are  prcvided  with  screw 
adjustments  at  their  points  of  suspension  so  that  the  point  of  impact 
can  be  adjusted  vertically*  The  wires  each  pass  through  a  narrov/ 
hole  about  three  inches  vertically  below  these  points  so  that  when 
deflected  they  swing  with  an  effective  radius  of  thirty  inches.  The 
balls  can  be  drawn  apart  by  means  of  two  electro-magnets  mounted  on 
radius  arms  whose  angular  positions  can  be  adjusted  by  means  of  two 
hand-operated  winches.  The  deflection  of  the  piano  wires  from  the 
vertical  can  be  read  on  two  quadrant  protractors  mounted  behind  the 
wires.  The  present  machine  can  be  fitted  with  balls  of  diameters  in 
the  range  1  to  6  inches,  the  wires  being  attached  to  small  tufnol 
adaptors  which  are  then  stuck  to  the  balls  with  Eastman  adhesive  910* 
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testing  maching  (schematic) 
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Measured  volumes  (approximately  7  lag)  of  the  sample  powder 
are  pla^ced  in  ten  depressions  (diam*  0#2f  cm)  equally  spaced  around 
the  periphery  of  an  8  inch  diameter  disc  of  1  mil  aluminium  glued  to 
a  star  shaped  support  (Fig*  2),  0*7  inch  diameter  discs  of  1  mil 

aluminium  are  then  stuck  over  each  sample  using  pressure  adhesive, 
care  Being  taken  to  prevent  contamination  of  the  sample  by  the 
adhesive*  A  magazine  of  ten  sample  caps  is  thus  formed  each  (include 
ing  the  aluminiiam)  approximately  l6mils  thick.  The  filled  magazine 
is  mounted  vertically  in  the  plane  of  symmetry  of  the  machine  so  that 
a  cap  is  at  the  point  where  the  two  balls  collide  when  released.  The 
correct  positioning  of  the  cap  is  ensured  by  means  of  a  spring  loaded 
dowel  pin  which  engages  in  holes  in  the  magazine  disc. 

In  operation  the  two  balls  are  drawn  apart  to  the  same  angle 
and  then  the  electro-magnets  are  de-energised  simultaneously  allowing 
the  balls  to  swing  towards  each  other  and  to  impact  the  cap  between 
them.  An  event  is  signe^H^d  by  a  sharp  crack  often  accompanied  by 
a  flash,  but  with  a  failure  little  noise  is  produced.  Attempts  have 
been  made  to  provide  more  positive  recognition  of  events,  for  example 
by  the  installation  of  a  peak  so\md  intensity  meter  but  these  have 
not  proved  to  have  any  merit  over  the  operator’s  judgement  and  varioin 
operators  invariably  agree  on  the  result  of  a  test.  This  sharp 
discrimination  between  fires  and  failures  appears  to  be  characteris¬ 
tic  of  the  machine  and  probably  stems  from  the  conditions  being  very 
favourable  to  the  gro^vth  of  explosion;  thus  any  event  larger  than  a 
certain  critical  size  will  grow  and  consume  a  considerable  proportion 
of  the  sample  and  will  be  easily  detected.  Events  occurring  below 
this  minimum  magnitude  will  consume  practically  no  explosive  and  be 
recorded  fis  fa.ilures.  After  each  test  the  dowel  pin  is  withdrawn, 
the  magazine  disc  revolved  to  present  the  next  cap  and  the  dowel  pin 
allowed  to  enter  the  next  locating  hole.  The  balls  are  then  set  to 
the  required  height  and  the  test  repeated.  When  a  violent  event 
occurs  the  surface  of  the  ball  may  suffer  damage  in  the  form  of  sur¬ 
face  cracks  and  pits  and  for  this  reason  the  balls  are  changed 
periodically  or  re-suspended  from  a  different  pole.  There  has  how¬ 
ever  been  no  indication  that  such  damage  materially  affects  the 
result  of  the  test. 

RESULTS 

The  tests  carried  out  so  far  with  this  machine  have  been 
exploratory  and  designed  to  highlight  its  chief  characteristics. 

Where  5^  heights  are  quoted  they  were  obtained  using  the  Bi*uceton 
(one  up  one  down)  procedure.  Table  1  shows  a  series  of  results  in 
which  the  effect  of  progressive  surface  damage  to  the  balls  was 
investigated.  EBX  was  prepared  by  comminuting  coarse  RDX  under  water 
in  a  hi^  speed  homogenizer  to  a  surface  area  of  approximately  3000 
sq.  cn/gnuand  then  dried.  The  balls  were  2  inches  in  diameter  and 
each  weighed  537  Q-ud  there  appeared  to  be  no  trend  in  the  results 
throughout  the  series. 
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TABLE  1 


Resiilts  of  repeated  tests  on  the  same  sample  batch 
without  altering  the  balls. 


ISEBSIH 

n 

n 

R 

UJ 

LU 

L8J 

n 

llQj 

lat 

iiri 

No,  of  caps 

m 

m 

m 

m 

m 

m 

m 

m 

30 

m 

30 

Rl 

50^  drop 
height  (cm) 

9.2 

8,6 

8,1 

7.4 

8,2 

H 

8,6 

8,0 

A 

ULj 

B 

-bJ 

C 

c 

c 

-cJ 

C 

C 

_aJ 

m 

Table  2  shows  the  effect  of  varying  the  ball  diameter  over 
the  range  1,25  to  6  inches.  Two  RDX  samples  yiere  used;  the  fine 
sample  as  described  above  and  a  coarse  sample  consisting  of  a  60  to 
100  BSS  sieve  fraction  of  the  uncomrainuted  material.  For  this 
series  of  experiments  foils  0,8  mils  thick  were  used  as  supplies  of 
the  standard  1,0  mil  foil  were  not  available. 


TABLE  2 

The  variation  of  50^  drop  height  vidth  ball  diameter 


■H 

an 

IR 

m 

Ball  weij 

Rl 

226 

102*8 

1810 

99 

99 

505*2  drop 
height 

_ , 

Pine  EBX 

Rf 

11,0 

mu 

■19 

mt 

am 

HR! 

■19 

Coarse  EDX 

18,8 

14.0 

8,1 

19 

2Jt. 

1.8 

IB 

0.55 

Table  3  shows  the  oompaidson  of  BDX,  HMX  and  FETN  using 
3  inch  balls,  each  ecplosive  again  being  tested  both  as  a  comminuted 
sample  (surface  area  approximately  3000  sq,cm,/gm,)  and  as  a  60  to 
100  B,S,S,  sieve  fraction  of  the  \incomminuted  material. 


TABLE  3 

Comparisons  of  5<^  drop  heights  of  EDX,  HMX  and  PETH. 


Explosive 

FETN 

EDX 

HMX 

Pine 

Coarse 

Pine 

Coarse 

Pine 

Coarse  | 

50^  drop 
height  (cm). 

2,3 

2.5 

mm 

4.8 

BB 

Table  4  shows  the  effect  of  ageing  on  samples  of  75/25 
HMJ^TNT  and  75/25  Cyclotol  which  were  prepared  by  grinding  tp  cast¬ 
ings  in  6in  end  runner  mill  and  testing  with  3  inch  balls.  Also 
shown  are  the  different  results  obtained  when  samples  of  exposition 
B  were  prepared  by  wet  high  speed  attrition  and  by  dry  end  runner 
milling. 
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TABLE  L 

The  effect  of  ageing  on  THE  -  containing  compositions 


Explosive 

Method  of  Sample 
urenaration 

Age  (days) 
after  preparation 

5C5?  drop 
height  (cm). 

75/25  hmVtnt 

7 

3.8 

-ditto- 

-ditto- 

23 

4.2 

-ditto- 

-ditto- 

63 

75/25  Cyolotol 

-ditto- 

1 

4.5 

-ditto- 

-ditto- 

40 

60/40  Comp.  B 

Wet  Iv/speed 
attrition 

28 

13.6 

-ditto- 

* Samples  were  too  insensitive  to  give  a  3^^  drop  height 
vd-th  this  diameter  ball. 


Table  5  shows  the  variation  of  the  probability  of  an  event 
with  increasing  drop  height  of  3  inch  balls  for  a  sample  of  Composi' 
tion  B3  which  failed  to  give  a  50^  height  whai  freshly  prepared  by 
grinding  a  casting  in  an  end  runner  mill. 


TABLE  5 

The  variation  of  the  probability  of  events  with  increasing 
drop  height  for  Comp  B3. 


Drop  height  (cm) 

1.13 

2.6 

1|..6 

6.2 

10.2 

13.9 

17.9 

22.4 

No.  caps  tested 

20 

20 

20 

20 

20 

20 

20 

20 

No.  of  fires 

B 

0 

2 

B 

3 

B 

1 

0 

DISCUSSION 

The  Tfork  cairied  out  has  confirmed  the  view  that  this 
machine  is  a  useful  and  versatile  tool  for  investigating  initiation 
by  impact  and  that  the  subject  is  complex  and  will  require  a  good 
deal  of  effort  to  isolate  the  important  factors. 

The  results  givoi  in  Table  2  have  been  used  in  Pig.  3  to 
plot  the  relationships  between  the  ball  velocities  and  energies  at 
the  50?^  condition  as  a  function  of  ball  diameter  not  however  making 
any  allowances  for  ball  rebound  energy.  It  was  thought  that  the  5P^ 
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Figure  3  -  50%  firing  velocity  vs  ball  diameter 
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velocity  should  approach  a  limiting  value  as  the  ball  diameters  were 
increased,  since  at  some  velocity  the  heat  dissipative  processes  will 
prevent  the  sample  reaching  reaction  temperatxires  however  high  the^ 
pressure.  However  even  with  the  largest  balls  the  downward  trend  in 
the  50fe  velocity  appears  to  continue.  The  difference  in  results 
between  the  fine  and  coarse  powders  may  be  due  to  the  extra  work 
required  to  crush  the  coarse  particles  prior  to  the  high  compression 
phase. 

Using  the  same  tv/o  sets  of  results  given  in  Table  2  a  calcu¬ 
lation  has  been  made  of  the  average  volume  of  sample  displaced  by 
intrusion  of  the  balls  per  unit  time  during  impact,  assuming  that  the 
sample  is  an  infinitely  extended  slab  of  constant  thickness  from 
sample  to  sample  and  neglecting  the  velocity  decrement  of  the  balls 
and  the  compressibility  of  the  sample.  These  results,  which  are 
given  in  Table  6  although  moderately  constant  throughout  the  whole 
range  of  ball  sizes  for  a  given  powder,  show  a  tendency  to  decrease 
as  the  ball  diameter  increases.  It  is  perhaps  siurprising  that  this 
crudely  simplified  treatment  which  gives  pre-eminence  to  the  geometry 
of  the  system  and  neglects  the  energy  and  momentum,  gives  such  con¬ 
stant  results, 

TABLE  6 


Ball  Diameter 
(inches) 

Mean  ball  volume  intruded  into  the 
sample  per  unit  time  (cm3  sec  ”^) 

Fine  RDX 

Coarse  RDX 

1.250 

20.7 

31,8 

1,500 

25.3 

38  *8 

2.000 

31,0 

35.5 

2.500 

29. li- 

31.2 

3.000 

27. 

27.4 

3.500 

28.4 

27.9 

5.000 

24.7 

28.0 

5.905 

24.7 

26.1 

Mean 

28.1 

30.6 

The  results  given  in  Tables  3  It-  illustrate  the  effect 
variations  of  sample  preparation  procedure  can  produce.  Whereas 
with  pure  explosive  compounds  such  as  BDX  HMX  and  PETN,  samples  are 
not  affected  by  ageing  and  only  to  a  minor  degree  by  the  method  of ^ 
preparation,  explosives  containing  Tl'IT  have  been  shown  most  sensitive 
to  these  variables.  Wet  high  speed  attrition  produces  much  more 
sensitive  samples  than  dry  end-runner  milling  and  all  samples 
decrease  in  sensitivity  with  time.  These  effects  are  probably  due  to 
variations  in  the  proportion  of  the  surface  of  the  sensitive  com¬ 
ponent  covered  with  TI\T!  and  the  ageing  experiments  suggest  ttot  the 
TNT  can  migrate  and  cover  crystal  surfaces  produced  during  milling 
processes. 
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The  results  in  Table  5  show  that  with  a  given  hall  diameter 
the  probability  of  fire  does  not  necessarily  increase  continually 
with  increasing  drop  height  but  may  initially  increase  end  then  subse¬ 
quently  decrease  without  ever  exceeding  the  50^  probability*  In  such 
a  case  it  seems  likely  that  if  the  ball  diameter  is  increased  the 
maximum  probability  will  rise.  This  phenomenon  may  be  related  to  the 
fact  that  the  time  of  contact  of  two  colliding  balls  decreases  with 
increasing  velocity  of  approach  and  that  there  is  a  dual  requii^ment 
for  an  explosion  to  occur*  Firstly  there  must  be  a  sufficiently  hig^ 
pressure  to  raise  an  eluent  of  sample  to  a  sufficiently  high  tempera¬ 
ture  to  produce  a  primary  event  and  secondly  that  the  conditions 
favourable  for  gi*owth  and  propagation  of  that  event  must  be  maintained 
for  some  minimum  time*  In  Table  5  ii  is  presumed  that  tliis' second 
condition  is  not  fulfilled  sufficiently  for  the  probability  of  fire 
to  rise  above  2C^*  This  feature  probably  applies  to  other  impact 
machines  on  similar  grounds* 

Some  obvious  parameters  of  the  test  have  not  yet  been 
examined  at  all  and  these  include  the  effect  of  varying  the  sample 
size  and  the  addition  of  grits  and  desenaitisers  but  it  is  hoped  to 
proceed  with  this  work  with  the  ultimate  object  of  understanding  the 
desensitisation  of  e:^l03ives  to  impact  initiation* 
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A  PHOTOGRAPHIC  STUDY  OP 
EXPLOSIONS  INITIATED  BY  IMPACT 


J,  Wenograd* 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


ABSTRACT:  Two  photographic  methods  have  been  used 
to  observe  the  course  of  explosions  as  they  occtir  In 
Impact  testing.  The  extent  and  geometry  of  the  propaga¬ 
tion  of  explosions  under  the  conditions  of  Impact  have 
been  studied  by  placing  a  photographic  film  In  vlrti^l 
contact  with  explosions  on  the  Bruceton  Research  Laboratory 
Impact  machine  at  the  Naval  Ordnance  Laboratory,  White  Oak. 
By  means  of  experiments  with  artificial  centers  of  Initia¬ 
tion  It  has  been  shown  that  the  extent  of  propagation  of 
partial  Impact  explosions  Is  essentially  Independent  of 
drop  height. 

A  synchronization  technique  has  been  developed  by 
means  of  which  Impact-llke  explosions  have  been  Initiated 
and  photographed  with  a  Beckman-Whltley  high  speed  framing 
camera  at  the  Explosives  Research  and  Development  Estab¬ 
lishment,  Waltham  Abbey,  Essex,  England. 

High  explosives  are  fo\ind  to  react  ^ander  slightly 
varying  conditions  by  three  distinct  modes,  Die  most 
frequently  encotintered  mode  Is  a  fast  bxirning  reaction 
proceeding  from  a  center  of  Initiation.  The  velocity  of 
this  propagation  is  460  m./sec.  for  PETN,  about  500  m./sec. 
for  RDX  and  220  m./sec.  for  PETN  Incorporated  with  10 
or  20  percent  of  TNT,  PETN  has  also  been  observed  to 
react  by  an  Irregular  slow  blaming  reaction  characterized 
by  velocities  near  100  m./sec.  The  third  mode  of  reaction 
is  a  low  order  detonation  which  proceeds  at  rates  near 
1500  m./sec.  In  PETN  samples.  The  primary  explosives, 
lead  azide  and  mercury  fulminate,  detonate  under  the 
conditions  employed  In  this  Investigation. 

^Exchange  scientist  at  £R1)E,  Waltham  Abbey,  Essex, 

Ehgland,  January  1958  to  January  1959. 
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INTRODUCTION 

The  violent  and  complex  stresses  to  which  explosives 
are  subjected  in  impact  tests  are  believed  to  result  In 
the  formation  of  hot  spots  (l),  one  or  several  of  which 
develop  a  sufficiently  high  temperature  to  initiate  a  self- 
sustaining  chemical  reaction  in  the  surrounding  material. 
This  initiation  process  is  followed  by  the  consxanption  of 
the  remaining  explosive  by  some  reaction  proceeding  fi?om 
the  initially  microscopic  hot  spot.  The  existence,  forma¬ 
tion,  and  properties  of  hot  spots  have  been  elucidated  by 
considerable  experimentation  and  speculation  (1,2, 3, 4). 

The  propagation  phase  of  impact  explosions  is  less  well 
vinderstood,  although  its  nature  has  been  the  subject  of 
several  investigations  (1,5). 

A  photographic  method,  wherein  a  film  is  placed  in 
virtual  contact  with  an  impact  explosion,  has  been  used  to 
assess  the  extent  and  geometry  of  these  explosions.  In 
addition,  a  synchronization  technique  has  been  developed 
by  means  of  which  impact-like  explosions  can  be  photographed 
with  a  Beckman-Whltley  hi^  speed  framing  camera  which 
permits  the  direct  observation  of  the  nature  and  velocity 
of  propagation  of  the  explosions. 

EXPERIMENTAL 

A  standard  Explosives  Research  laboratory  Impact 
Machine  (6),  at  the  Naval  Ordnance  Laboratory,  was  used  for 
the  contact  photographic  experiments.  It  was  equipped 
with  type  12  tools  and  a  2.5  kg.  weight.  Two-lnch-square 
pieces  of  Kbdaik,  Infrared  sensitive,  sheet  film  were  placed 
on  the  anvil  of  the  Impact  machine  with  the  emulsion  side 
up.  The  film  was  shielded  from  blast  and  blaming  effects 
by  the  use  of  pieces  of  0.002- inch  thick,  transparent, 
sheet  mica.  The  explosive  samples,  usually  about  50  mg., 
were  placed  upon  the  mica  and  struck  in  the  usual  way. 

The  explosion  records  shown  in  this  report.  Pig.  2-6,  are 
positives  of  the  films  obtained  in  this  way;  thus,  the 
dark  areas  represent  light  given  off  by  the  explosion. 

The  presence  of  the  film  and  mica  serve  to  cushion  the 
blow  received  by  the  explosive.  This  results  in  a  change 
in  the  scale  of  Impact  sensitivities  usually  associated 
with  the  various  explosives. 

The  Beckman-Whltley  model  189  high  speed  framing 
camera  at  the  Explosives  Research  and  Development 
Establishment,  Waltham  Abbey,  Essex,  Bagland,  has  been 
used  to  photograph  Impact-llke  explosions  of  several 
materials.  The  mechanical  properties  of  such  transparent 
anvil  materials  as  glass  and  Perspex  (a  methyl 
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methacrylate  polymer  marketed  by  I.C.l.)  and  the  synchro¬ 
nization  requirements  of  the  camera  virtually  preclude  the 
photography  of  explosions  initiated  by  a  falling  weight. 
Mechanical  impact  was  therefore  simulated  by  means  of  an 
explosive- driven  steel  plate.  Ihe  experimental  set-up  is 
shown  in  Pig.  1.  A  high  voltage  detonator  is  used  to 
detonate  a  half-inch-dleuneter  half-inch-long  tetryl  pellet 
pressed  to  a  density  of  1.48  g./cc.  Diis  pellet  is  in 
contact  with  a  2- inch-diameter  half- inch-thick  steel  disc 
which  is  placed  on  a  thin  layer  of  explosive  on  a  2-inch- 
sq\iare  one-inch- thick  perspex  anvil.  Hie  pressure 
developed  in  the  explosive  is  of  course  higher  at  the 
center  under  the  tetryl  charge.  Hie  force  of  the  blow 
could  be  strengthened  by  using  two  tetryl  pellets,  or 
weakened  by  introducing  thin  brass  discs  between  the  tetryl 
pellet  and  the  steel  plate. 

In  most  cases  the  Ivanlnosity  spreads  from  the  center 
of  the  Impacted  area  in  a  symmetrical  fashion.  Hie  patterns 
from  successive  frames  were  projected  onto  a  white  card 
and  the  explosion  fronts  traced  out.  Hie  areas  enclosed 
by  the  successive  fronts  in  the  sequence  were  measured 
with  a  planlmeter  auid  the  linear  propagation  velocities 
were  calculated  on  the  assumption  of  a  circular  front. 

Hie  explosives  were  standard  British  and  American 
production  samples  used  without  further  purification. 

Small,  compact  quantities  of  sensitive  materials  were  used 
to  seed  some  of  the  contact  photographic  shots.  Penta- 
erythrltol  tetranitrate  (PETN)  and  dlazodlnltrophenol 
(DDNP)  crystals  were  grown  by  slow  evaporation  of  acetone 
solutions.  Single  crystals  or  aggregates  weighing  about 
2  mg.  were  used  as  seeds.  Lead  azide  seeds  were  obtained 
by  pressing  5  Jng,  of  dextrlnated  azide  to  25>000  psi. 

Hie  nature  of  the  pressure  pulse  which  causes  the 
initiation  of  the  explosive  is  not  too  different  for  the 
two  methods  described  in  this  paper.  P|y  extrapolating 
from  known  data  for  the  equation  of  state  of  steel  and 
Perspex  and  assuming  that  the  layer  of  explosive  reaches 
the  same  pressure  as  the  Perspex,  Jacobs  (7)  bas  esti¬ 
mated  the  pressure  pulse  at  the  center  of  the  explosive 
sample  to  have  a  height  of  200,000  psi.  and  a  half  width 
of  2-5  microseconds.  For  comparison,  he  has  also  esti¬ 
mated  the  pressure  developed  in  the  EJl.L.  machine  in 
use  at  the  Naval  Ordnance  Laboratory  to  reach  about 
60,000  psi,  with  a  half  width  of  approximately  50  micro¬ 
seconds. 


12 


Wenograd 


RESULTS 

Pigvire  2  Is  a  typical  contact  photograph  of  an  explosion 
occiu?ring  in  granular  PETN.  Ine  explosion  seems  to  have 
started  at  the  center  from  which  the  strlations  emanate 
and  to  have  continued  to  the  boiandaries  of  the  explosive 
layer.  Bie  white  areas  in  the  darkened  region  represent 
places  where  the  emulsion  was  blasted  away.  Figure  5 
shows  an  explosion  In  a  sample  of  granular  RDX.  The 
figure  seems  to  have  been  traced  out  by  a  similar  reaction 
althoxigh  there  Is  less  evidence  that  initiation  started 
from  a  single  center.  Figure  4  shows  the  explosion  of  a 
tetryl  sample.  The  feathery  natxare  of  the  outline  of  the 
Ivimlnous  region  is  taken  to  Indicate  that  the  reaction 
spread  in  a  slow  and  complex  manner. 

It  is  possible  to  cause  reactions  in  an  explosive  by 
drops  from  heights  ordinarily  too  low  to  cause  Initiation, 
by  the  introduction  of  artificial  centers.  Such  centers 
consist  of  small  compact  masses  of  sensitive  material  pre¬ 
pared  as  described  above.  The  explosion  of  a  tetryl 
sample  thus  initiated  is  shown  in  Pig.  5.  The  figure 
bears  striking  similarities  to  Pig.  4.  The  indentations 
in  the  area  of  Ivunlnoslty  indicate  that  the  explosion  has 
failed  to  propagate  to  these  regions.  Indeed,  upon  inspec¬ 
tion  of  the  mica  and  striker,  unconsxmied  explosive  was 
found  in  these  regions.  Explosions  of  PETN  and  RDX  ini¬ 
tiated  artlflcally  are  similar  in  appearance  to 
Figures  2  and  3. 

The  explosion  shown  in  Pig.  6  was  most  interesting. 

In  this  case  a  layer  of  about  50  mg.  of  tetryl  was  spread 
on  the  mica  and  a  5  mg.  lead  azide  pellet  was  placed  in 
the  center.  Striking  the  sample  caused  an  extremely  loud 
explosion  which  was  far  louder  than  the  reports  commonly 
heard  in  Impact  machine  operations.  The  tool  surfaces 
were  badly  damaged  and,  as  can  be  seen,  more  than  half  of 
the  film  was  blown  away.  The  arc  of  blasted  emulsion 
represents  the  edge  of  the  tools.  The  explosion 
encountered  here  was  far  more  violent  than  the  previous 
shots  and  was  almost  certainly  a  detonation. 

The  use  of  artificial  centers  of  initiation  has  per¬ 
mitted  a  consideration  of  the  effect  of  Increasing  drop 
height  on  the  propagation  of  Impact  explosions.  Ten  tetryl 
samples  seeded  with  DDNP  crystals  were  sti*uck  from  heists 
varying  from  twenty  to  sixty  cm.  In  eight  cases  this 
resiilted  in  initiation  of  the  DMIP  and  partial  consumption 
of  the  tetryl.  Tetryl  alone  gave  no  reaction  at  drops 
less  than  100  cm.  There  was  little  or  no  noticeable 
difference  in  the  extent  of  propagation  at  the  higher 
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drop  heights.  Eight  TNT  samples  seeded  with  Dm?  and 
struck  from  heights  varying  between  25-150  cm.  behaved 
similarly,  although  pure  TNT  showed  no  reaction  at  all  in 
drops  from  less  than  200  cm, 

Ihe  explosions  which  occxirred  in  pure  samples  were 
similar  to  those  initiated  by  artificial  centers.  Bie 
natxire  of  the  propagations,  as  seen  from  the  photographs, 
were  such  that  they  may  be  classified  under  at  least 
three  categories.  Examples  of  the  most  common  mode  of 
propagation  can  be  seen  in  Figures  2  and  This  mode 
will  be  referred  to  as  a  fast  burning  reaction.  It  is 
characterized  by  a  rather  regular  pattern  with  striations 
emanating  from  one  or  a  few  points  which  may  be  centers  of 
initiation.  In  all  cases  the  luminosity  terminates  at  the 
bovindary  of  the  tools,  indicating  that  the  reaction  is 
quenched  by  a  release  of  pressure. 

A  second  mode  of  reaction  which  is  considered  a  slow 
bvimlng  process  is  Illustrated  in  Plgvtres  4  and  5. 
type  of  reaction  is  characterized  by  a  feathery  pattern 
which  ends  at  the  boxindary  of  the  tools.  A  third  mode  of 
propagation  is  Illustrated  by  Fig.  6.  Because  of  the 
violence  of  this  reaction  and  the  amovint  of  damage  caused, 
it  must  be  regarded  as  a  detonation.  Detonations  are 
characterized  by  a  scoring  of  the  Impact  tools  and  a 
blackening  of  the  film  beyond  the  area  of  high  pressure. 

Ihree  modes  of  propagation  of  impact-like  explosions 
have  also  been  observed  in  studies  with  the  high-speed 
camera.  Ihe  most  common  mode  was  a  fast  burning  reaction 
similar  to  the  explosion  of  PETN  Illustrated  in  Fig.  J. 

The  burning  appeared  to  begin  during  frame  1  over  an  area 
corresponding  to  that  of  the  tetryl  donor  pellet.  The 
reaction  then  grew  from  this  initial  area  and  by  frame  2, 
four  microseconds  later,  it  had  formed  a  sharp  deflagration 
front.  This  reaction  front  then  propagated  at  an  approxi¬ 
mately  constant  rate  to  the  edge  of  the  area  of  observation. 

The  explosions  of  a  number  of  PETN  samples  were 
photographed  and  representatives  of  three  modes  of  propa¬ 
gation  observed.  When  the  regular  experimental  set-up 
with  the  half- inch  steel  plate,  unsieved  or  small  sieved 
explosive,  and  one  or  two  tetryl  pellets  were  used,  PETN 
reacted  by  the  fast  burning  mode.  The  average  frame  to 
frame  velocities  for  thirteen  shots  had  a  mean  of 
460  m./sec.  and  an  average  deviation  of  only  30  m./sec. 

Rather  slight  changes  in  the  experimental  conditions 
caused  qtiite  drastic  changes  in  the  mode  of  explosion. 

If  relatively  large  PETN  crystals  (retained  on  a  B.  S.  S. 
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Figure  7  -  PETN,  fast  burning.  4^s 
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siGva)  W6P6  usGd,  the  reaction  was  found  to  propagate  at  a 
markedly  faster  rate.  Pour  separate  observations  showed 
this  phenomenon.  Ohe  reaction  of  a  sample  of  large  PEON 
crystals  is  similar  to  Pig.  7 .  Ihese  rapid  reactions  pro¬ 
pagate  at  velocities  of  about  15OO  m./sec.  and  are  temed 
low  order  detonations*  In  only  one  case  was  a  velocity  of 
this  sort  observed  with  \jnsieved  PETN.  Pigure  8  shows  a 
reaction  which^  although  it  did  not  initiate  centrally^ 
seemed  to  begin  at  the  normal  fast  burning  velocity.  In 
this  one  case^  however#  after  the  fast  burning  front  had 
been  formed  and  had  propagated  about  12  mm.  into  the 
sample,  a  new  reaction  began  about  5  mm.  ahead  of  the 
front  and  propagated  at  the  low  order  detonation  velocity . 
This  example  of  a  transition  from  fast  burning  to  low 
order  detonation  was  the  only  one  observed  during  this 
series  of  experiments. 

Yet  another  mode  of  consumption  of  PETN  was  observed 
if  a  brass  gap  with  a  thickness  greater  than  O.06O  Inches 
was  placed  between  the  tetryl  pellet  and  the  steel  plate. 
This  type  of  explosion,  illustrated  In  Fig*  9>  thought 
of  as  a  slower  type  bximing  reaction.  In  this  case  no 
explosion  front  formed,  but  tentacles  of  btaming  material 
emanated  from  the  center  of  Initiation  which  corresponded 
to  the  axis  of  the  tetryl  charge.  The  burning  velocity 
along  the  tentacles  was  about  100  m./sec. 

Two  pentollte  samples  were  prepared  by  a  slurrying 
technique.  Both  samples  were  PETN  rich  containing  80 
and  90  percent  of  this  explosive.  They  both  exploded  ^ 
the  fast  biiming  mode  althoxigh  with  a  far  lower  velocity 
and  luminosity  than  pure  PETN.  The  richer  mixture  had  an 
average  propagation  velocity  of  200  m./sec.,  while  the 
value  for  the  other  sample  was  250  m./sec.  It  is  strange 
that  the  richer  pentollte  should  appear  to  have  a  lower 
velocity,  but  this  probably  is  due  to  experimental  error. 
The  appearance  of  a  typical  pentollte  shot  is  very  similar 
to  the  REK  shot  shown  in  Fig.  10. 

The  REK  samples  which  were  observed  all  decomposed 
by  the  fast  burning  mode.  The  measured  velocities,  while 
they  definitely  fell  between  those  of  PETN  and  the  pento- 
lltes,  were  very  erratic.  The  velocities  for  five  samples 
had  a  mean  of  56O  m./sec.  with  an  average  deviation  of 
70  m./sec.  A  typical  explosion  is  shown  in  Pig.  IQ. 

Two  primary  explosives,  lead  azide  and  mercury  f\xl- 
minate,  were  exploded  and  observed  in  these  experiments. 
Both  reacted  extremely  rapidly  and  may  be  considered  ^ 
have  detonated.  Plgxire  11  shows  the  detonation  of  a  Xul- 
minats  sample.  The  propagation  rate  in  the  azide  samples 
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Figure  8  -  PETN,  fast  burning-low  order  detonation  transition 
2  /^seconds  between  frames 


Figure  9  -  PETN,  slow  burning,  4 ^seconds  between  frame ik 
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was  near  5000  m./sec.,  while  In  mercviry  fvilinlnate  the  rate 
varied  between  5000  and  4600  m./sec, 

DISCUSSION 

It  Is  evident  that  it  Is  no  longer  possible  to  speak 
of  a  single  mode  of  propagation  for  explosives  under 
impact  test.  Clearly,  since  rather  minor  changes  in 
experimental  conditions  have  been  shown  to  change  the 
cotirse  of  the  reaction,  the  mode  of  explosion  can  change 
as  the  nature  of  the  Impact  machine  or  even  the  force  of 
the  blow  is  varied.  Apparently,  however,  the  rate  of  pro¬ 
pagation  of  reaction  once  a  given  mode  has  developed  la 
fairly  constant  in  various  Impact  machines. 

Using  a  streak  camera,  Bowden  (l)  observed  explosions 
of  several  materials  initiated  either  by  falling  weights 
or  by  sparks  in  confined  layers  of  explosive.  Most 
materials  were  observed  to  explode  by  a  fast  bvimlng  re¬ 
action,  the  propagation  velocity  of  which  varied  between 
100-1000  m./sec.  for  PETN  and  was  somewhat  slower  (100- 
500  m./sec.)  for  RDX  and  tetryl.  Low  order  detonations 
propagating  at  velocities  around  2000  m./sec.  could  also 
be  observed  for  these  materials.  In  the  course  of  a  study 
of  the  time  lag  of  Impact  explosions  using  ionization  probes, 
Collins  and  Cook  (5)  meastired  burning  velocities  for 
several  materials.  Ihey  obtained  a  biiming  rate  of 
500  m./sec.  for  PETN,  255  m./sec.  for  REK,  and  520  m./sec. 
for  mercury  fxilmlnate.  The  velocities  obtained  in  this 
study  are  consistent  with  these  values  except  that  mercury 
fulminate  was  observed  to  detonate. 

The  contact  photographs  for  PETN  and  RDX,  Pigiires  2 
and  5,  show  fairly  uniformly  blackened  areas  with  concen¬ 
tric  streaks  radiating  outward.  This  is  Just  the  restat 
one  would  obtain  by  "integrating"  the  frames  of  Figures  7 
or  10.  The  serrations  in  the  explosion  front  would  trace 
out  otreaks.  These  serrations  or  streaks  are  believed  to 
have  been  caused  by  bvtrnlng  particles  moving  along  with 
the  explosion  front.  It  is  reasonable  to  conclude  that  in 
the  E.  R.  L.  Impact  test  as  employed  at  the  Naval  Ordnance 
Laboratory  (type  12  tools)  the  principal  mode  of  explosion 
for  both  PETN  and  REX  is  a  fast  b\u?ning  reaction  propa¬ 
gating  at  rates  near  500  m./sec.  for  the  former  and 
550  m./sec.  for  the  latter. 

The  contact  photographs  of  explosions  of  tetryl  are 
characterized  by  a  darkened  area  consisting  of  a  mass  of 
minute  lines  in  a  feathe3?y  pattern.  Figure  9  seems  to 
represent  a  grosser  aspect  of  this  same  phenomenon. 

If  this  is  the  case,  it  may  be  concluded  that  the  mode  of 
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reaction  for  tetryl  in  the  E,  R,  L,  Impact  test  Is  a  slow 
bviming  process  proceeding  non-dlrectlonally  along  ten¬ 
tacles  emanating  from  a  center  of  Initiation  at  3?ates  not 
exceeding  100  m./sec.  The  appearance  of  these  pictures 
seems  quite  consistent  with  a  slow  burning  mechanism  con¬ 
sisting  of  Ignition  of  successive  grains  of  explosive  by 
hot  gases  moving  through  pores  or  channels  In  the  com¬ 
pressed  explosive. 

While  materials  such  as  lead  azide  certainly  detonate 
under  Impact,  the  occurrence  of  detonations  In  Impact 
tests  of  high  explosives  Is  still  uncertain.  Low  order 
detonations  as  shown  In  Figure  8  and  as  observed  by 
Bowden  (1)  can  be  Induced  by  Impact- like  procedures. 
However,  In  the  absence  of  any  direct  proof  It  Is  not 
possible  to  say  where  or  whether  they  occur  In  practice. 
Bie  nature  of  the  damage  to  Impact  machine  tools  Is  per¬ 
haps  the  most  valid  criterion  of  detonation.  Ihus,  In 
the  E.  R.  L.  Impact  test  the  tools  are  severly  scored  by 
lead  azide  and  similar  materials  but  are  unmarked  by  high 
explosives  such  as  PETN  and  RDX.  On  the  other  hand.  In 
the  Rotter  test  as  applied  In  England  a  great  variety  of 
materials  cause  quite  severe  damage  to  the  anvils.  Bius, 
although  It  Is  likely  that  In  one  common  test  RDX  and  PETN 
undergo  the  fast  burning  reaction.  It  Is  possible  that 
these  same  materials  undergo  a  low  order  detonation  under 
the  conditions  of  the  Rotter  test. 

Experiments  with  artificial  centers  of  Initiation 
have  indicated  that  both  the  mode  of  propagation  and  the 
extent  of  the  consumption  of  explosive  are  Independent  of 
the  drop  height  for  the  fast  and  slow  burning  reactions. 
However,  If  the  artificial  center  of  Initiation  detonates. 
It  Is  possible  for  the  bulk  explosive  to  pick  up  and 
propagate  this  reaction. 
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PURE  ENVIRONMENTAL  SHOCK  TESTING  OF  CONDENSED  PHASES 


Ted  A.  Erikson 
Armour  Research  Foundation 
Chicago,  Illinois 


INTRODUCTION 


This  paper  reports  a  selected  portion  of  a  study  performed 
on  the  initiation  of  lead  azide  by  means  of  a  "pure"  environmental 
shock  test  (1,2).  This  work  was  supported  by  the 

under  Contracts  No.  DA -11 -022 -501 -ORD -273  1  and  DA -1 1-022 -ORD 
3120  Lead  azide  samples  were  exposed  to  the  reflected  shock 
region  produced  in  an  ordinary  shock  tube.  Measured  shock  inten¬ 
sities  in  various  driven  gases  were  varied,  and  the  time  delay  for 
the  detonation  response  of  the  sample  was  determined. 


Using  a  similar  type  of  shock  test  technique,  several  inves¬ 
tigators  (3,-4)  developed  a  heat  transfer  analysis  for  the  problem  of 
initiation  of  composite  propellants.  Without  in  any  way  wishing  to 
detract  from  the  scope  of  such  approaches  to  the  problem  of  sensitiV' 
ity,  one  of  our  objectives  for  this  study  was  based  on  the  premise 
that  the  order  of  response  (i.e.  ,  sustaining  decomposition,  deflagra¬ 
tion  and  detonation)  for  an  unstable  system  is  characterized  by  a 
unique  energetic  situation.  Thus,  contact  of  an  energy -rich  zone 
(e  g  the  flame  zone  or  an  artificial  environment)  with  a  potentially 
Lergy-rich  zone  (e.g.  ,  a  layer  of  relatively  undisturbed  explosive) 
can  result  in  a  characteristic  time  delay  for  a  subsequent  rate  of 
propagation.  The  appropriate  variation  of  an  artificial  environment 
might  be  used  to  evaluate  such  energetics. 

By  varying  the  magnitude,  rate,  zuid  mode  of  energy  release 
from  the  artificial  environment  to  the  surface,  it  should  be  possible 
to  evaluate  specific  energetic  susceptibilities  of  an  unstable  system. 
For  example,  in  the  pure  environmental  shock  test,  relative  meas¬ 
ures  of  the  magnitude,  rate,  and  mode  of  energy  release  from  the 
reflected  shock  region  to  the  surface  of  a  condensed -phase  system 
might  be  ascertained  from  the  shock  intensity,  the  pressure,  and  the 
composition  of  the  driven  gas  (varying  degrees  of  freedom),  respec¬ 
tively. 
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EXPERIMENTAL 

A  detailed  description  of  the  total  study  is  contained  in  the 
final  reports  on  Contract  No.  DA -1 1  -022 -501 -ORD -273  1  (June,  1959) 
and  Contract  No.  DA -1 1  -022 -ORD -3 120  (June,  I960).  General  details 
of  the  shock  tube  and  sample  preparations  are  described  below. 
(Measurements  of  transient  electrical  conductivity  will  not  be  dis¬ 
cussed.  ) 

Shock  Tube 


A  schematic  diagram  of  the  shock  tube  is  shown  in  Fig.  1, 
where  an  overall  and  a  magnified  view  of  the  time -distance  sequence 
of  events  are  also  illustrated.  The  shock  tube  was  instrumented 
with  a  Kistler  PZ-6  miniature  pressure  transducer  and  a  PT  -6 
amplifier -calibrator  unit  for  measuring  transient  pressures.  A 
Tektronix  53  5  oscilloscope  with  a  Beattie -Coleman  camera  was  used 
for  recording  pressure  transients.  A  Tektronix  545  oscilloscope 
with  a  Dumont  camera  was  also  available  for  supplemental  records. 

The  sample  was  positioned  on  the  back  plate  of  the  shock  tube 
as  shown  in  Fig.  2,  which  indicates  the  composite  array  of  equip¬ 
ment,  instrumentation  and  electrical  circuitry.  Triggering  of  the 
Tektronix  535  oscilloscope  was  effected  by  the  reception  of  a  shock 
pressure  output  on  the  Kistler  gage,  and  both  the  pressure  and  the 
V2  voltage  of  the  conductivity  circuit  (see  Fig.  2)  were  simultane¬ 
ously  displayed  at  the  100 -kc  chopping  rate  of  a  Tektronix  53  /54  C 
dual  pre -amplifier.  Triggering  of  the  Tektronix  545  oscilloscope 
was  effected  by  less  than  a  0.  1 -volt  rise  in  Vj  (of  the  conductivity 
circuit),  and  both  the  negative  voltage  output  from  the  Kistler  gage 
and  Vi  were  displayed  at  the  100 -kc  chopping  rate  of  a  CA  dual 
pre -amplifier  unit.  The  Kistler  gage  output  exhibits  a  characteristic 
*'ring'*  which  is  caused  by  explosion  noise  transmitted  through  the 
end  plate  and  wall  of  the  shock  tube  to  the  gage  position.  The  re¬ 
sponse  time,  tj.,  from  detonation  at  the  sample  site  to  ”ring”  at  the 
gage  position  was  calibrated  by  spark  initiation,  and  the  result  was 
7.4  i  0.  8  microseconds.  Typical  photographs  of  oscilloscope  traces 
are  shown  in  Fig.  3.  Photographs  of  similar  shocks  with  and  with¬ 
out  azide  samples  are  included  to  enable  the  identification  of  the 
respective  traces.  It  can  be  seen  that  the  shock  pressure,  a  time 
delay  (due  to  ”ring*')  and  conductivity  voltage  transients  are  record¬ 
ed. 


An  examination  of  the  magnified  view  of  the  endplate  in 
Fig.  2  shows  the  sequence  of  events  that  takes  place.  In  some  tests, 
the  oscilloscope  is  triggered  by  the  pressure  of  the  reflected  rather 
than  the  incident  shock.  Figure  2  shows  that 
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»he„  the  incident  and  reflected  o?fhe'  incident 

(lb)  have  been  incorporated. 

The  report  by  Alpher  and  White  (5)  yas  utUized  in  the  con- 
atrnction  Sir^irtirS^ctde^  Xch, 

^m7:  tS^iroi  td^flecte^ 

pressure,  y'.  and  the  reflected  g^ock  tube  with 

L'itint'd^Hv-t-  rntri:;irnn.  or  a%o.,^»itrogen. 

driven  gases.  An  experimen  a  ^  Kistler  gage,  is  also 

reflected  shoclt  preaaure  V;hLo»e„on  (6)!n^uencea 

Sf  cho!t“  t^:  cirrect  value  tor  t^  reflected  I''’”’ 

!!:rh*:t?e4ri3  “ue^ed  t7h"e  heat^^^^^^^ 

manner)  by  the  theoretic^  curv  the^reaults  obtained  from 

firmed,  within  the  experimental  error,  by  me  re» 

the  Kistler  gage  measurements. 

Since  the  Pa/P,  ratio  was  accurately  measured,  this  value 

was  us^d  on'the'graph.' 

From  Ms,  the  values  oi  i  rs  a  y  ,  ,  measured 

?nUiaTd^Yven%t°;re^7„"""7l  datf  have  been  converted  to  values 
of  Prs  and  Trs  by  ibis  technique. 

Sample  Preparation 

For  this  study,  the  Picatinny  Arsenal  supplied  65  grams  of 

lead  azide  »hich  had  >>-»  his'^r^s'  100,1% 

conditions  that^he  combined  impurities 

l%%77"'VhrS'l%,  Ton^aisting  of  iron  m^ag^^^ 

and  alurninum  ^'lYwL^'^^All  triples  were  handled  and  test- 

illumination  during  handling  operations. 

Samples  of  the  colloidal  lead  azide  in  a  water  solution  were 

prr 

[  &cl!Vacuum  demccamr^which^contamed  ^ 

;«mp^^  was  maintamed^f  or^^^^^ 
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Figure  4  -  Shock  tube  calibration  curves 
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Those  samples  which  were  introduced  into  the  shock  tube 
with  no  further  treatment  are  designated  as  unpressed  samples. 

Other  samples,  which  were  pressed  onto  the  plexiglass  mount  with 
a  highly -polished  steel  plate  to  loading  pressures  usually  near  40  psi, 
are  designated  as  pressed  samples.  Normally,  most  samples 
weighed  about  0.  03  gram.  The  exposed  surface  area  of  normal 
samples  was  about  1  sq  cm.  The  sample  thickness  varied  from 
about  0.  1  to  1.0  mm  for  pressed  and  unpressed  samples,  respec¬ 
tively. 


RESULTS 

The  present  collection  of  data  includes  134  tests  performed 
with  lead  azide  samples  exposed  to  shocks  under  varied  conditions. 
These  conditions  and  their  approximate  ranges  include: 

1.  Shock: 

a.  Incident  Mach  number  -  2  to  7 

b.  Temperature  of  reflected  shock  -  900  to  8000 ®K 

c.  Pressure  of  reflected  shock  -  50  to  500  psia 

2.  Driven  gas:  helium,  nitrogen,  argon,  and  carbon  dioxide 

3.  Time  delay:  near  zero  to  1000  microseconds 

4.  Sample  density:  about  0.3  (unpressed)  to  greater  than 
3  (pressed)  g/cc 

5.  Sample  weight:  0.  002  to  0.  08  gram  (with  corresponding 
thickness  of  0.  1  to  0.  9  mm  and  frontal  area  of  0.  1  to 

1. 0  sq  cm). 

Representative  data  for  the  three  tests  shown  in  Fig,  3  are  given  in 
Table  1.  Complete  data  are  given  in  the  final  reports  on  the  con¬ 
tracts. 

Table  1 


DATA  FROM  PURE  ENVIRONMENTAL  SHOCK  TESTS 
WITH  LEAD  AZIDE  AND  NITROGEN  DRIVEN  GAS 


Test 

No. 

Sample 

De  scription 

Pi. 

psia 

P4/P1 

M 

s 

Trs> 

'K 

^rs* 

psia 

sec . 

115 

Pressed 

0.  467 

500 

5.09 

3100 

97.  5 

103 

116 

Blank 

0.  460 

517 

5. 11 

3200 

100 

- 

119 

Pressed 

0.767 

301 

4.  69 

2700 

134 

69 

120 

BlaJik 

0.770 

304 

4.  69 

27  00 

135 

- 

131 

Pressed 

1.55 

150 

4.  18 

2220 

206 

24 

132 

Blank 

1.545 

156 

4.  19 

2230 

206 

- 
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DISCUSSION  OF  RESULTS 


When  the  surface  of  a  condensed -phase ,  unstable  system  is 
exposed  to  the  hot  gas  in  the  reflected  shock  region  produced  in  an 
ordinary  shock  tube,  the  following  experimental  data  are  known  (or 
measured)  at  time  of  contact: 

T  -  the  temperature  of  the  reflected  shock  gas 
r  s 

P  -  the  pressure  of  the  reflected  shock  gas 
r  s 

T  -  the  surface  temperature  of  the  condensed-phase. 

A  time  delay  to  explosive  decomposition  (i.e.  ,  detonation,  in  our 
case)  is  then  measured,  during  which  interval  it  is  practically 
impossible  to  monitor  the  infinitesimal  variations  inTrs>  Prs> 

Ttf  or  the  extent  of  decomposition  near  the  surface.  Based  on  a 
heat  transfer  analysis,  the  surface  temperature  at  time  t  (Tt),  can 
be  estimated.  The  correlation  of  Tt  to  the  time  delay,  t^,  then 
serves  to  indicate  reaction  mechanisms  through  '‘runaway’*  temper¬ 
atures,  activation  energies,  and  the  like.  One  difficulty  with  this 
approach  is  the  assumption  that  Tt  can  be  adequately  estimated  by 
a  heat  transfer  analysis.  Because  of  the  necessity  for  assuming  a 
flat  surface,  little  account  is  taken  of  the  fact  that,  microscopically, 
the  surface  exhibits  large  irregularities.  No  heat  transfer  analysis 
of  our  data  was  performed,  but  cursory  efforts  indicated  temperature 
rises  at  the  surface  were  less  than  40  °C  (maximum)  during  the 
strongest  shock  exposures. 

Our  efforts  were  based  on  the  premise  that  some  clue  with 
respect  to  the  initiation  process  could  reside  in  the  properties 
(i.e.  ,  state  of  the  surroundings)  of  the  "hot"  gas  in  contact  with  the 
surface  of  the  condensed -phase  system.  If  it  is  assumed  that  a 
model  similar  to  that  proposed  by  Tykodi  and  Erikson  (7)  for  steady- 
rate  processes  can  be  applied,  the  constant  properties  of  the  "hot" 
driven  gas  represent  the  necessary  energetics  for  initiation.  Be¬ 
cause  data  over  varied  shock  intensities  with  four  different  driven 
gases  were  available,  attempts  were  made  to  evaluate  the  best 
and  most  meaningful  correlations.  In  general,  such  applications 
required  the  inclusive  use  of  the  kinetic  theory  of  gases,  that  is, 
the  concept  that  driven  gas  molecules  colliding  with  the  surface  have 
the  classical  Boltzman  distribution  of  energy.  Accommodation 
coefficients  for  gas -solid  collisions  at  the  interface  are  assumed 
to  be  unity. 

Initially,  an  overall  chemical  reaction  of  the  following  type 
was  assumed: 


*  (g...  T„,  P„)  +  (.olid,  T„)  — 

for  which  the  rate  of  reaction,  might  be  expressed  by  an  equation  of 
the  form;  — * 


d(PbN< 

dt 


-E*  /RT 


=  A  e 


[pbNfc]  [N2] 
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where[PbN^  is  the  concentration  of  lead  azide,  [NJ  is  the  concentra¬ 
tion  of  the  driven  gas,  x  is  a  coefficient  (assumed  to  be  unity),  A  is 
a  frequency  factor,  and  E*  is  an  activation  energy.  This  equation  can 
be  rearranged  in  the  following  form  for  a  test  of  the  data: 


(^rs  = 


2.3R 


)-Iog  A(PbN,)._. 
d{PbN6)/d  In 


(3) 


If  it  is  assumed  that  the  log  term  on  the  right  side  of  Eq  (3) 
is  approximately  constant,  a  plot  of  log  (P^s  ^d)  ^  function  of  1/Trs 

should  be  a  straight  line  with  a  slope  of  E*/(2.  3  R).  The  data  obtained 
on  Contract  No.  DA -1 1  -022 -ORD -3 120  are  shown  plotted  in  this  form 
in  Fig.  5.  This  graph  suggests  that  different  slopes  (E*)  are  obtain¬ 
ed  for  nitrogen  and  helium  as  compared  with  argon  and  carbon  diox¬ 
ide  driven  gases.  For  the  first  two  gases  anE*  of  about  10  kcal/mole 
is  indicated,  while  for  the  second  two  an  E*  near  30  kcal/mole  is 
indicated.  If  E*  is  to  represent  an  overall  activation  energy  for  the 
initiation  of  lead  azide,  it  should  be  independent  of  the  inherent 
properties  of  the  inert  (relatively)  driven  gas. 

2 

It  was  later  discovered  that  log  (Prs  ^d)  ^  function  of 

1/Trs  effected  a  considerable  improvement  in  the  correlation  of  the 
data  obtained  on  Contract  No.  DA -1 1 -022 -501 -ORD -273  1 .  In  retro¬ 
spect,  this  would  suggest  the  possibility  that  the  coefficient,  x,  in 
Eq  (2a)  should  actually  be  2  rather  than  1.  These  data  are  shown 
plotted  in  this  form  in  Fig.  6.  The  E*  value  was  found  to  change 
from  about  6  kcal/mole  (as  given  in  the  final  report)  to  about 
18  kcal/mole  (as  shown  in  Fig.  6).  The  latter  value  is  believed  to 
be  more  in  line  with  estimates  of  an  activation  energy  for  lead  azide 
from  thermal  testing.  However,  when  the  data  from  Contract 
No.  DA -11 -022 -ORD -3  120  were  plotted  in  this  fashion,  as  shown  in 
Fig.  7,  considerable  scatter  was  still  apparent.  Further,  it  appears 
that  an  E*  of  about  14  to  18  kcal/mole  represents  the  combined  data 
from  both  contracts. 


Two  factors  have  been  purposely  ignored  to  this  point, 
namely,  the  driven  gas  effects  due  to  the  collision  frequency  compo¬ 
nents  (molecular  weight  and  temperature)  and  the  specific  heat 
capacity  at  constant  volume,  C  (the  energy  that  can  be  accommo¬ 
dated  upon  gas -solid  collision).^  At  the  present  time,  it  appears  that 
the  most  orderly  integration  of  the  data  collected  to  date  is  repre¬ 
sented  bv  the  semi-theoretical  expression: 
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where  E  and ^  are  constants  that  are  characteristic  of  the 
explosive^system .  That  is,  E^ct  is  defined  as  the  activation  energy 
of  the  lead  azide  for  the  rate -controlling  mechanism,  and^tf  is  a 
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d)  as  a  function  of  1/T  for  shock  test  data 
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constant  believed  to  be  characteristic  of  the  energetics  of  the  shock 
initiation  process.  The  time  delay  is  for  a  characteristic,  explosive 
response.  All  other  variables  are  properties  of  the  environmental 
driven  gas  (surroundings).  Since  all  colliding  molecules  can,  on 
the  average,  deliver  C^(T  -  T^)  units  of  energy  to  the  surface, 
the  exponential  factor  represents  the  colliding  fraction  that  has  the 
required  for  the  solid  reaction  mechanism. 


When  the  usual  expression  for  the  collision  frequency  is 
substituted,  Eq  (4)  can  be  rearranged  into  the  following  form  for  a 
graphical  representation: 
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Thus,  a  plot  of  the  left  side  of  the  equation  as  a  function  of  1/T 
should  give  a  slope  of  Eg^^t/C^*  ^  intercept  of 

log  [^(2irR)^/2]. 


rs 


It  appears  that  notably  less  deviation  results  when  the  data 
of  Contract  No.  DA -11 -022 -ORD -3 120  are  plotted  in  this  form. 

As  shown  in  Fig.  8,  the  data  with  the  four  driven  gases  fall  near 
a  common  line.  A  relatively  small  effect  due  to  the  bulk  density 
appears  to  exist  between  pressed  and  unpressed  samples.  In  the 
construction  of  this  plot,  classical  values  of  C  were  used  for  all 
gases  except  carbon  dioxide,  for  which  both  classical  and  actual  (8) 
values  of  C  were  used.  The  slope  of  the  line  drawn  to  represent 
the  data  shows  an  activation  energy  of  about  16  kcal/mole.  However, 
an  increased  Eact  about  50  kcal/mole  is  indicated  at  temperatures 
greater  than  about  3300 ®K,  which  is  near  the  explosion  temperature 
of  lead  azide. 


The  data  of  Baer,  (3),  were  used  to  test  the  application 

of  some  of  the  relations  that  were  evaluated  in  this  report.  Only 
three  P-T-t  combinations  with  air  (one  more  with  nitrogen  was  not 
considered)  were  tabulated  in  the  ARS  reprint  of  Baer’s  paper. 
Various  functions,  as  shown  in  Table  2,  were  used  to  calculate 
slopes  and  deviations  for  the  three  possible  combinations  available 
from  his  data. 


From  Table  2,  it  is  evident  that  a  minimum  deviation  occurs 
when  the  data  are  treated  as  shown  in  Fig.  6,  7,  or  8.  An  activation 
energy  of  10.  1  kcal/mole  was  calculated  for  their  composite  per¬ 
chlorate  propellant,  which  differs  from  their  reported  value  of 
28  kcal/mole  (by  heat  transfer  analysis)  but  which  appears  to  be 
more  in  agreement  with  the  activation  energy  of  about  7.  1  kcal/mole 
reported  by  Chaiken  (9)  in  his  discussion  of  the  rate -controlling 
mechanism  (surface  gasification)  for  similar  propellants. 
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Figure  8  -  Best  correlation  of  shock  tube  data 
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Table  2 

EVALUATION  OF  BAER'S  DATA  FOR  SLOPE  CONSISTENCY 


Baer's  Data 

1  2  3 


Run  No.  : 

1017-4 

1016-4 

1017  -3 

Driven  Gas: 

Air 

Air 

Air 

Tg.  -K: 

990 

1370 

1505 

Pg,  psia: 

240 

245 

240 

tjj,  millisec: 

44.  5 

10 

7.5 

Treatment 


r  1 

Slope  relative  to  ) 


Combination: 

1-2 

1-3 

2-3 

Averag 

Average 
e  Deviation 

Function 

Alog  t^ 

2320 

2240 

1920 

2160 

160 

ilog 

2030 

1980 

17  50 

1920 

113 

A  log  (Pg  Id) 

2290 

2240 

2060 

2300 

90 

Alog  (PgTg-^/^^) 

2540 

2510 

2380 

2480 

63 

A  log  (Pg^  t^) 

2190 

2190 

2190 

2190 

0 

+  C„(T„  -  T  )1 
v'  g  o'J 

2210 

2210 

2210 

2210 

0 

Reference  3.  Baer*s  subscript  g  is 
used  in  the  text  of  this  paper. 

3jC3jt 

Numbers  refer  to  the  sets  of  Baer* 

equivalent  to  the  subscript  rs 

8  data  tabulated  above. 

Erikson 


SUMMARY  AND  CONCLUSIONS 

This  paper  reports  an  effort  to  correlate  the  initiation  con¬ 
dition  for  a  condensed -phase  explosive  system  in  contact  with  a  hot 
reflected  shock  gas  environment  with  the  properties  of  that  environ¬ 
ment.  It  has  been  found  that  the  shock  test  data  from  various  sources 
(Baer  (3)  the  studies  conducted  at  Armour  Research  Foundation) 
can  be  uniformly  represented  by  relations  of  the  sort: 

-  E* /RT 

p  ^  t j  e  =  constant  (6) 

rs  d 

RT 

n  p  tj  e  (a  constant)  (4) 

rs  rs  d  " 

This  treatment  was  found  to  give  results  which  are  not 
incompatible  with  conclusions  derived  from  heat  transfer  analysis. 
The  energy  of  activation  for  the  rate -controlling  mechanism  in  lead 
azide  was  indicated  to  be  near  16  kcal/mole.  A  higher  activation 
energy  of  about  50  kcal/mole  is  suggested  at  temperatures  over 
3000  ®K  in  the  gas  environment. 

Should  the  E  .  and  constant  term  of  Eq  (4)  be  properties 
that  are  characteristic  of  an  explosive  system  (even  in  a  relative 
manner),  a  mathematical  definition  of  explosive  sensitivity  is 
suggested  by  the  equation: 


That  is,  for  a  given  gas  environment,  the  t^  of  the  system  may  be 
used  to  indicate  a  measure  of  safety  by  defining  the  time  that  is 
available  before  an  explosive  response. 

The  relationship  suggested  by  Eq  (6)  has  similar  possibilities. 
It  seems  that  such  a  definition  of  explosive  sensitivity,  which  is 
based  on  semi -theoretical  grounds,  is  a  considerable  improvement 
over  the  relative  means  of  identifying  instability  which  have  been 
used  for  the  last  century  in  the  explosive  and,  more  recently,  in 
the  propellant  fields.  The  complex  nature  of  explosive  sensitivity 
becomes  obvious  when  it  is  realized  that  td»  hy  this  approach,  must 
be  associated  with  the  time  for  various  explosive  responses,  that  is, 
partial  decomposition,  sustaining  decomposition,  deflagration  and 
detonation. 
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Introduction 

The  "^memory  effect"  is  a  quite  well  known  phenomenon  in  the 
thermal  sensitization  of  explosives.  It  manifests  itself  through  the 
apparent  additivity  of  the  induction  periods  prior  to  ignition.  Thus, 
Ubbelohder ' found  that  the  total  induction  period  of  lead  azide  which 
is  heated  at  a  given  temperature  T,  is  practically  the  same  measured 
in  one  or  more  stages.  The  latter  is  tantamount  to  heating  the  sam¬ 
ple  at  T  for  a  shorter  period  followed  ly  chilling  and  repeating  this 
cycle  one  or  more  times  until  an  escplosion  is  finally  observed.  Alge¬ 
braically,  this  can  be  stated  by  the  equation 

.  (■; 

Although  the  phenomenon  has  been  known  for  many  years,  an  analytical 
treatment  was- not  available,  Jones  and  Jackson^) observed  that  auto- 
catalytic  decomposition  is  a  necessary  precondition  for  the  existence 
of  the  memory  effect  in  the  thermal  initiation  of  explosives,  Eyring3) 
and  associates  treated  the  thermal  decomposition  of  solid  explosives 
as  a  first  order  reaction  and  arrived  at  a  useful  expression  for  the 
induction  period.  It  is  the  purpose  of  the  present  report  to  describe 
the  memory  effect  analytically  in  terms  of  the  following  kinetic  as¬ 
sumptions!  (l)  For  a  first  order  approximation  loss  of  heat  by  conduc¬ 
tion  can  be  neglected,  and  (2)  thermal  initiation  of  explosives  is 
closely  related  to  the  autocatalysis  involved  in  a  solid  decomposition 
reaction,  A  mathematical  derivation  of  the  effect  is  made,  and  the 
results  are  compared  with  experiments.  It  is  also  shown  that  true  ad¬ 
ditivity  of  induction  periods  is  only  a  special  case  of  the  memory 
effect  in  general. 

Discussion  of  Assumptions 

Consider  the  autocatalytic  reaction 

B  A  /  C  (2) 
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and  the  kinetic  equation 

^  =  Ko(a  /  x)(b-x)  (3) 

where  x  is  the  concentration  of  the  reaction  product  A,  a  and  b  are 
the  initial  concentrations  of  A  and  B,  respectively,  and  Kq  represents 
the  specific  reaction  rate.  Strictly  speaking.  Equation  (5)  is  ap¬ 
plicable  only. to  gaseous  systems  and  solutions.  On  the  other  hand, 
Hinshelwood^^^f ound  that  it  can  also  be  applied  to  the  case  of  molten 
tetryl.  Front  and  Tomi&insv 5 /described  the  decomposition  of  potassium 
permanganate  by  a  relation  derived  from  the  expanded  chain  theory. 

This  relation  is  very  similar  to  the  solution  of  equation  (3)  in  an 
isothermal  case,  hence,  there  is  good  reason  for  using  an  autocatal- 
ytic  reaction  eqiiation  as  an  approximation  for  solid  state  deconqjo- 
sitions.  The  above  mentioned  similarity  of  the  relations  may  be 
better  understood  by  considering  that  in  the  initial  reaction  the  rate 
of  formation  of  catalyst  nuclei  overshadows  the  rate  of  growth  of  the 
nucleic  During  this  initial  peidod,  one  would  therefore  expect  the 
reaction  rate  to  be  proportional  to  the  catalyst  concentration.  As 
the  reaction  proceeds,  however,  the  catalyst  nuclei  will  grow  and  ag¬ 
gregate  so  that  the  catalyst  becomes  partly 'Screened”  out.  It  is, 
therefore,  reasonable  to  assume  that  the  reaction  rate  is  related  to 
the  interface  at  which  the  catalysis  takes  place.  In  spite  of  the 
uncertainty  sxirrounding  the  exact  kinetic  relation,  it  seems  very 
worthwhile  to  describe  the  memory  effect  in  terms  of  Equation  (3), 
particularly  since  we  confine  ourselves  to  the  early  stage  of  initia¬ 
tion.  By  means  of  the  above  mentioned  approximate  kinetic  equation 
the  memory  effect  can  be  shown  to  be  closely  related  to  the  concen¬ 
tration  of  the  catalyst  formed  during  pre-sensitization.  In  otir 
treatment  of  the  problem,  the  absence  of  thermal  conduction  is  assumed. 
As  the  results  show  later,  the  initial  stage  of  pre-reaction  is 
characterized  by  a  very  small  temperature  increase;  consequently, 
omission  of  the  later  is  well  justified.  How  heat  conduction  may  in¬ 
fluence  the  temperature-time  profile  has,  for  example,  been  calculated 
by  Semenov(6)for  gaseous  reactions  (See  dotted  line  in  Fig.  l). 

Mathematical  Formulation 

For  practical  reasons  the  kinetic  equation  (3)  is  rewritten 
in  terms  of  concentrations  normalized  with  respect  to  the  initial 
value  of  the  reactant  B: 

^  =  k.e“^'^^T(eto  /  x)(l  -  x)  (4) 

in  which  x  is  the  relative  amount  of  the  reacted  material,  k  is  a 
proportionality  factor  which  includes  the  frequency  factor,  E  eind  R 
represent,  respectively,  activation  energy  and  the  gas  constant,  and 
6Cq  is  the  initial  concentraticai  of  the  catalyst  which  may  originate 
from  various  kinds  of  intrinsic  lattice  defects.  Mathematically,  the 
non-zero  value  of  required  for  the  integrability  of  certain 

integrals  to  be  described  later  (i.e.,  x  =0  represents  a  singularity 
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in  the  treatment  if  *^0  ”  When  heat  loss  by  conduction  is  neglec¬ 
ted,  the  heat  of  reaction  ,a  H  evolved  by  an  exothermic  reaction  can 
be  used  solely  to  raise  the  temperature  of  the  explosive  sanple.  On 
this  basis  the  reacted  amount  x  is  given  by 

x=  Cv(T^o)  (5) 

AH 

where  is  the  bath  or  hot  plate  tenperature,  and  Cy  a  mean  specific 
heat.  ^  introducing  a  hypothetical  temperature  Teo  which  is  the 
maximum  temperature  attainable  in  an  adiabatic  reaction,  equation  (5) 
can  be  written 

X  =  L.Z.J.Q  (6) 

Too-1b 

From  equations  (4)  and  (6)  we  have 

jx  ^  i,p“^/rT 

_  /lT»  m\ 


1^)  (T  -  .  T  )  (7) 


where 


Tl  =  To  -  _  To) 


Integrating  equation  (7)  we  obtain  t  in  terms  of  the  logarithmic  in¬ 
tegral  _  - 


t  =  C 


-oO  ) 


where 


/rT  ;  bp"'  'RT^  ;b,  •  ^ 


til  '  \>p  / 


Figure  1  shows  the  temperature-time  profile  schematically.  (The 
above-mentioned  influence  of  heat  loss  by  conduction  is  indicated  by 
the  dotted  line.)  The  steep  rise  of  tenperatiare  represents  a  self- 
acceleratcry  reaction  leading  to  ignition,  and  the  time  Z  q  required 
for  this  to  occur  may  be  defined  as  the  induction  time,  character¬ 
istic  of  the  sanple  under  study.  Such  a  definition  implies  that 
near  to  t  is  practically  independent  of  T,  and  consequently  that  the 
last  two  T-dependent  terms  in  equation  (8)  compensate  each  other. 
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FIG.  i:  TEMPERATURE-TIME  CHARACTERISTIC  FOR 
DIFFERENT  INITIAL  CONCENTRATION  a. 
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which,  in  essence,  depends  only  on  the  initial  concentration  of  the 
catalyst  and  the  bath  temperature  T^.  Thus  the  memory  effect  reduces 
to  a  description  of  the  amount  of  auto-catalytic  decomposition  product 
formed  in  a  given  length  of  time.  When  the  auto-catalytic  reaction 
is  interrupted  after  a  heating  time  t  by  cooling  the  explosive  sample, 
an  amount  x  of  the  catalyst  formed  can  be  calculated  by  using  equation 
(8)  and  the  linear  relationship  (5)  between  x  and  T»  bTien  the  reac¬ 
tion  is  resumed  by  heating  to  the  previous  temperature  T©,  the  initial 
concentration  of  the  catalyst  is  increased  by  the  amount  x  to  «i  2 
oi^  /  X,  and  the  new,  shorter  induction  time  z  can  be  evaluated  from 
a  similar  integral 


and 


»  £  (  R  (T*  - 


The  time  t  required  to  form  the  additional  amount  x  of  catalyst  can 
also  be  calculated  via  equation  (8)® 

As  mentioned  previously,  the  memoiy  effect  is  described  by 

T^=  t  t  r 


Knowing  t  ©,  X  ,  and  t  from  the  integrals  mentioned,  and  assvmdng 
the  constancy  of  k,  one  can  check  the  memory  effect  by  plotting 
r /tg  against  t/r^.  For  a  linear  memory  effect  as  defined  by  equation 
(U)  a  straight  Ixne  with  a  negative  slope  of  unity  shotild  resiilt. 
Figure  2  shows  such  a  plot  for  3  explosives  with  known  values  AH,  E, 
and  Cy.  In  all  these  cases  the  initial  concentration  of  catalyst  was 
taken  as  10“^  It  is  noted  that  the  major  portion  of  the  calctiLated 
curve  describes  very  well  the  linear  memory  effect. 


46 


Hess  and  Ling 


It  shovad  be  mentioned  that  the  treat^nt  can  be  extended  to 
include  a  more  general  case^  i#e*^  thermal  sensitization  involvxng  two 
stages  of  preheating  times  and  t2  analytically, 

T  I  -t.  _  C'^) 

T  *  '  ~  T*  T 

Tg  '■o  '-O 

Figure  3  represents  a  plot  for  this  more  general  case,  (in 
the  figure  a  constant  initial  preheating  time  t^  =  is  chosen 

while  the  points  for  the  variable  second  time  t2  are  plotted  together 
with  the  one  stage  preheating  curve  of  Figure  2.)  It  is  observed  that 
the  result  of  a  second  preheating  also  gives  support  to  the  model  pro¬ 
posed. 


It  is  evident  from  these  plots  that  for  a  preheating  time 
very  close  to  the  total  induction  time  the  calculated  curve  deviates 
appreciably  from  the  straight  line  representing  the  linear  memory  ef¬ 
fect,  Such  deviation  might  well  result  from  a  breakdown  in  the 
assumptions  regarding  auto— catalysis  and  neglect  of  heat  loss.  Further¬ 
more,  there  exists  seme  arbitrariness  in  the  definition  of  x  ^  owing 
to  the  very  steep  but  not  infinite  rise  of  the  T  -  t  curve  near  t  £  to* 

Some  experimental  results  are  given  in  Figure  2.  As  found 
in  some  cases,  the  original  induction  time  Xq  represents  a  lorer^ 
limit  for  the  sum  of  terms  on  the  right  side  of  equation  1.  In  Figure 
2  these  points  will  lie  above  the  straight  line,  A  more  detailed 
theoretical  investigation  shows  that  the  entii*e  calculated  curve  of 
Figure  2  will  be  more  convex  when  the  initial  concentration  of  catalyst 
is  taken  to  be  greater  than  10“°,  Thus  even  the  degenerated,  nori- 
linear  memory  effect  can  be  explained  by  the  model  used  before. 

In  summary,  the  mathematical  treatment  presented  here  pro¬ 
vides  a  theoretical  relation  between  the  memory  effect  in  an  explosive 
and  its  auto-catalytic  decomposition  as  evidenced  by  the  validity  of 
the  additivity  equation  X  “"C"!  ’^"'■2  ^ . • 
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FIG.  3  :  CALCULATED  FAIRS  OF  VALUES  CONCERNING  TO  PRE¬ 
HEATING  TIMES  (ti/To  -CONST. )  FOR  LEAD  AZIDE  A 
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THE  THERML  DECOMPOSITION  OF  /Co(NH3)fi7(N3)3 


Taylor  B.  Joyner  and  Frank  H.  Verhoek 
U.  S.  Naval  Ordnance  Test  Station 
China  Lake,  California 


INTRODUCTION 


The  thermal  decompositions  of  a  series  of  complex  cobalt, 
ammine  azides, _7co(NH3)fi7(N3)3,  ^o(NH3)5Na7(N3)2,  cis-  and  trans- 
/to(NH3)4(N3)27N3,  and  Co(NH3)3(N3)3  have  been  studied  with  the  goal 
of  understanding  the  mechanisms  of  the  slow  reactions  prior  to  ex¬ 
plosion.  This  would  bear  on  the  processes  by  which  initiation  begins 
in  an  exothermic  crystal  and  grows  through  a  slow  stage  to  release 
the  energy  which  will  convert  the  reaction  to  rapid  burning  and  deto¬ 
nation. 


The  compounds  studied  relate  directly  to  the  simple  metal 
azides  (NaNs,  Pb(N3)2,  AgN3)  in  that  the  principal  reaction  is  the 
reduction  of  a  metal  cation  by  an  azide  ion.  (Recent  extensive 
reviews  summarize  the  considerable  information  now  available  on  the 
simple  azides. The  complexes  differ  in  that  they  have  a 
more  difficult  chemistry,  a  5-electron  reduction  complicated  by  the 
ligand  molecules,  but  they  also  have  the  major  advantage  of  metal- 
azide  relationships  clearly  defined  by  the  ligand  sphere.  This 
definition  permits  the  recognition  of  two  distinct  types  of  azides. 
In  ^o(NH3)^(N3)3  the  azides  are  ionic.  They  are  isolated  from  the 
cobalt  by  the  coordinated  ammoaiias,  occupy  anionic  sites  in  a  salt¬ 
like  lattice,  and  are  presumably  symmetrical  with  the  structure 

N — — N — — N  as  in  simple  metal  azides. In  Co(NH3)3(N3)3 
they  are  bonded  directly  to  a  specific  cobalt  and  are  presumably 
assymetric  as  in  the  case  of  such  covalent  ccmpounds  as  methyl  azide 

N  -N  ■  N. 

H3C 
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The  remainii^  three  compounds  have  both  types  of  azides.  The  behavior 
of  /Co(NH3)s/(N3)3  is  quite  typical  of  the  four  ionic  members  of  the 
series  and  will  be  specifically  discussed  in  the  remainder  of  the 
paper . 


EXPERIMENTAL 


Reparation. — The  hexammine  was  prepared  as  previously  de¬ 
scribed.  tsTylsibry  crystalline  samples  (crystals  O.O5  to  0.5  mm. long) 
were  obtained  by  a  simple  recrystallization  from  water.  Powder 
samples  were  prepared  by  dissolving  the  complex  in  water  and  rapidly 
precipitating  with  a  large  excess  of  alcohol.  In  reality  the  powder 
consists  of  micro-crystals.  X-ray  powder  patterns  revealed  sharp  v 
lines  and  established  a  minimum  crystal  diameter  of  about  0.1 
Microscopic  examination  fixed  an  upper  limit  of  about  5  n*  Both 
powder  and  crystals  were  stored  in  a  vacuum  desiccator  over  svilfuric 
acid  and  kept  in  the  dark. 

Apparatus . —The  apparatus  consists  of  a  simple  vacuum  line 
with  a  comparatively  small  volume  (50  to  100  ml.).  The  glass  reaction 
vessel  is  protected  frcxn  explosions  by  placing  the  sample  (ca.  10  mg.) 
in  a  stainless  steel  cup  (6  mm.  in  diameter  and  depth)  cushioned  with 
glass  wool  plugs.  The  reaction  vessel  is  arranged  to  permit  rotation 
about  a  standard-taper  joint  into  a  hot  oil  bath  maintained  to  +  0.1* 
at  temperatures  of  120  to  150*C.  The  pressure  of  the  evolved  gases  is 
measured  manometrically.  Empirical  corrections  obtained  with  known 
samples  of  nitrogen  account  for  the  small  volume  of  the  system  at  high 
temperatixre . 


RESULTS 

Three  distinct  overall  reactions  have  been  recognized;  A 
slow  reaction  to  a  cobalt (II)  complex 

/Co(NH3)fi7(N3)3  - ►  Co(NH3)2(N3)2  +  1^NH3  +  I.5N2  (l)j 

a  slow  reaction  followed  bv  an  explosion  to  a  final  stoichiometry 

j^Co(NH3)g7(N3)3  ' '  Co  +  4NH3  +  5*5N2  +  3H2  (2)j 

and  a  reaction  with  a  lengthy  induction  period  followed  by  rapid  but 
non-explosive  production  of  a  nitride 

7po(NH3)s7(N3)3  - ►  CoN  +  6NH3  +  4N2  (3); 

Temperature,  particle  size,  and  ammonia  pressxire  affect  the  kinetics 
and  lead  to  these  various  reactions. 


51 


Joyner  and  Verhoek 


The  influence  of  temperature  and  the  impressive  effect  of 
particle  size  are  illustrated  in  Fig.  1.  Crystalline  samples  shew  a 
long  induction  period  with  little  gas  evolution  followed  by  a  fast 
but  non-explosive  reaction  to  the  nitride  (Eq.  5) •  The  more  labile 
powder  samples  show  an  immediate  slow  reaction  evolving  considerable 
gao  (Eq.  1).  At  lower  temperatures  the  reaction  ceases  with  the  for¬ 
mation  of  the  cobalt (II)  compound,  but  above  IJO*  an  explosion  to 
cobalt  ultimately  occurs  (Eq.  2). 

Ammonia  pressure  above  the  solid  shows  two  marked  effects 
(Fig.  2).  In  the  case  of  the  powder  it  accelerates  the  1-electron 
reduction  and  inhibits  the  explosion  of  the  resulting  Co(NH3)2(N3)2. 
While  the  latter  is  reasonable  in  view  of  the  well  ]pom  lability  of 
cobalt(II)  compounds  to  ammonia  loss  and  absorption' (a  decompo¬ 
sition  mechanism  involving  a  loss  of  ammonia  as  a  rate  controlling 
step  v/ould  be  inhibited  by  excess  ammonia),  the  more  surprising  ac¬ 
celeration  of  the  1-electron  reaction  is  not  yet  understood.  In  the 
case  of  crystalline  samples  ammonia  produces  a  very  marked  departvire 
from  normal  behavior.  An  initial  reaction  (probably  the  1-electron 
reduction)  is  accelerated.  This  is  followed  by  a  long  quiescei^t 
period  and  a  final  explosion. 

A  liquid  nitrogen  trap  on  the  line  seme  distance  from  the  hot 
bath  also  produces  interesting  effects  (Fig.  5)*  "the  case  of  both 
powder  and  crystals  the  time  to  explosion  or  rapid  reaction  is 
shortened.  This  is  understandable  for  the  powder  at  the  higher  tem¬ 
peratures.  Since  ammonia  has  been  found  to  inhibit  the  explosion  of 
Co(NH3)2(N3)2,  its  removal  by  the  cold  trap  woidd  lead  to  earlier  ex¬ 
plosions.  More  surprising  is  the  marked  shortening  of  the  induction 
period  of  crystalline  samples  and  the  powder  in  the  120*  run.  This 
is  so  pronounced  in  some  cases  (curves  E  and  F)  that  reaction  occurs 
at  a  time  when  very  little  nitrogen  has  been  noted  in  the  trapped  run 
and  no  gas  evolution  at  all  had  been  detected  in  a  corresponding  un¬ 
trapped  run.  While  this  acceleration  may  most  reasonably  be  attribu¬ 
ted  to  the  removal  of  ammonia,  it  is  quite  remarkable  that  trapping 
small  amounts  —  virtually  undetectable  manometrically  --  could  have 
such  a  marked  effect.  It  is  also  noteworthy  that  at  120*  the  be¬ 
havior  of  the  powder  is  altered  from  the  explosive  reaction  to  a 
smooth  production  of  CoN. 


DISCUSSION 


The  complicated  effects  of  ammonia  have  so  far  prevented  a 
very  successful  quantitative  analysis  of  our  kinetic  data.  Neverthe¬ 
less,  the  complex  (and  at  first  glance  contradictory)  behavior  of  the 
system  in  actuality  permits  considerable  insist  into  some  features 
of  the  reaction.  These  must  be  recognized  before  a  detailed  inquiry 
into  the  mechanism  can  hope  to  succeed.  What  is  desired  now  is  a 
self-consistent,  qualitative  explanation  of  the  marked  differences 
in  behavior  of  crystalline  and  powder  samples  taking  into  accoxint  the 
following  points:  (l)  powder  samples  are  more  labile  than  crystals j 
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THERMAL  DECOMPOSITION  OF  CCo(NH3)e](N3)3 


0  100  200  500 

Minutes 

A.  Powder,  120* 

B.  Powder,  I50*  E.  Crystals,  I30* 

C.  Powder,  lUO*  F.  Crystals,  140® 

D.  Powder,  150® 


FIGURE  1.  THE  EFFECTS  OF  TEMPERATURE  AND  CRYSTAL  SIZE. 

The  moles  of  evolved  gas  per  mole  of  complex 
(n/no)  versus  time. 


53 


Joyner  and  Verhoek 


THERMAL  DECOMPOSmON  OT  [Co(NH9)a](N3)3 


0  20  40  60  80  100  120  140 


Minutes 

A.  Powder,  120* 

B.  Powder,  120®,  trapped 

C.  Powder,  lUO® 

D.  Powder,  lUO®,  trapped 

E.  Crystals,  lUO® 

F.  Crystals,  140®,  trapped 


FIGURE  3.  THE  EFFECT  OF  A  LIQUID  NITROGEN  TRAP.  The 
moles  of  evolved  gas  (n/no)  versus  time. 
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(2)  crystals  proceed  smoothly  to  CoN  (except  in  the  presence  of  added 
ammonia  which  promotes  an  initial  reaction,  inhibits  the  rapid  CoN 
reaction,  and  finally  results  in  an  explosion  to  cobalt);  (3)  crystals 
exposed  to  a  cold  trap  proceed  smoothly  to  CoN  with  shortened  induc¬ 
tion  periods;  (4)  powder  proceeds  explosively  to  cobalt  (except  below 
130“  or  in  the  presence  of  added  ammonia  when  a  smooth  reaction  to 
Co(NH3)2(N3)2  may  occur);  (5)  powder  exposed  to  a  cold  trap  goes  ex¬ 
plosively  to  cobalt  with  shortened  induction  periods  (except  at  120* 
when  a  smooth  reaction  to  CoN  occurs);  (6)  the  action  of  ammonia  may 
be  summed  up  as  accelerating  the  1-electron  reduction,  inhibiting  the 
explosion  of  Co(NH3)2(N3)2,  and  inhibiting  the  rapid  reaction  to  CoN 
when  present  in  tiny  amounts. 

A  reasonable  pictuire  may  be  formed  in  terms  of  a  strong 
surface  adsorption  of  ammonia  and  an  overall  decomposition  involving 
two  major  steps.  The  first  step  is  the  only  moderately  energetic 
(possibly  endothermic)  1-electron  reduction  to  Co(NH3)2(N3)2,  (Eq.  1). 
The  second  is  a  very  exothermic  decomposition  to  the  final  products, 
cobalt  or  CoN.  The  initiation  of  this  second  step  is  particularly 
important  to  a  general  understanding  of  the  system.  The  actual  initi¬ 
ating  reaction  may  veiy  probably  be  the  decomposition  of  a  small 
amount  of  the  diammine  according  to  an  overall  stoichiometry  of 

Co(NH3)2(N3)2  - -  Co  +  2NH3  +  3N2  (k) 

however,  this  cannot  at  present  be  established  with  certainty  and, 
hence,  the  following  discussion  is  kept  in  general  terras.  Regardless 
of  the  mechanism  of  initiation  of  the  exothermic  reaction,  once  it 
occtirs  the  energy  liberated  is  sufficient  to  insure  very  rapid  propa¬ 
gation  through  the  solid  by  means  of  either  the  fast  (but  smooth) 
reaction  to  CoN  or  an  explosion  to  cobalt.  Which  of  these  paths  will 
be  followed  will  depend  very  strongly  on  the  time  of  initiation  of 
the  energetic  reaction  relative  to  the  progress  of  the  1-electron  re¬ 
duction. 


At  this  point  it  may  be  useful  to  think  of  the  overall  decom¬ 
position  in  terms  of  a  competition  between  the  1-electron  reduction 
and  the  initiating  mechanism  of  the  exothermic  reaction.  Both  sure 
influenced  by  ammonia.  The  reduction  is  accelerated  while  the  initi¬ 
ating  mechanism  is  inhibited.  Once  the  energetic  reaction  does  begin, 
whether  it  explodes  or  goes  smoothly  to  the  nitride  will  depend  on 
the  quantity  of  Co(NH3)2(N3)2  present;  in  other  words,  on  the  extent 
the  1-electron  reduction  has  already  proceeded.  If  initiation  occurs 
relatively  early  and  a  large  amount  of  /Co(NH3)^(N3)3  still  remains 
the  energetic  decomposition  proceeds  smoothly  to  CoN.  Conversely,  if 
it  is  late  the  composition  of  the  solid  will  have  been  altered  by  the 
accumulation  of  a  considerable  amount  of  the  diammine.  This  material, 
upon  initiation,  explodes  to  cobalt. 

The  important  effects  of  minute  quantities  of  ammonia  on  these 
reactions  may  be  understood  in  terms  of  surface  adsorption.  It  is 
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reasonable  to  assiime  that  reaction  begins  and  proceeds  most  readily 
on  the  surface  of  the  crystals  since  the  powder,  with  a  high  surface 
to  volume  ratio,  is  more  labile  than  the  visibly  crystalline  samples. 
If  it  is  further  assvimed  that  the  ammonia  produced  in  the  very  early 
stages  of  the  reaction  can  be  adsorbed  on  the  surface  an  explanation 
of  the  inhibiting  effect  of  small  quantities  of  animonia  is  possible. 
While  the  reaction  is  still  young,  having  produced  a  microscopic 
amount  of  solid  product  and  a  manometrically  tuadetectable  quantity  of 
gases ,  sufficient  decomposition  will  have  occurred  to  immerse  the  site 
in  a  sea  of  adsorbed  ammonia.  This  ammonia,  by  acting  directly  on  the 
yoimg  reaction  site,  can  then  exert  a  very  large  influence  on  the 
course  of  the  reaction. 

Considering  fairly  large  crystals  in  some  detail,  after  initi¬ 
ation  on  the  surface  the  1-electron  reaction  in  the  presence  of  its 
own  adsorbed  ammonia  can  proceed  into  the  crystal.  Once  away  from 
the  surface  the  reaction  slows  and  the  total  gas  evolved  remains  small. 
Eventually,  the  energetic  reaction  will  be  initiated,  possibly  by  the 
decomposition  of  a  little  of  the  recently  formed  Co(NH3)2(N3)2  in  a 
locally  overheated  region,  and  propagates  through  the  crystal  which 
still  consists  primarily  of  undisturbed  /Co(NH3)g7(N3)3.  In  the 
process  the  reaction  will  overcome  the  ammonia's  inhibition  and  de¬ 
stroy  the  small  amount  of  diaramine  already  produced. 

In  the  presence  of  a  cold  trap  the  ammonia  adsorbed  on  the 
surface  of  the  crystal  v/ill  be  removed  (or  at  least  reduced).  This 
will  slow  the  1-electron  reduction  but  permit  an  earlier  initiation 
of  the  energetic  reaction  thus  shortening  the  induction  period. 
Conversely,  in  the  presence  of  excess  ammonia  the  inhibition  is  more 
effective.  Consequently,  a  larger  quantity  of  diammine  may  be  pro¬ 
duced  prior  to  initiation,  partially  because  of  the  acceleration  of 
the  1-electron  reduction  and  partially  because  of  the  delay  of  the 
rapid  reaction.  'When  the  energetic  reaction  finally  does  occur,  this 
accumulated  diaramine  will  explode  rather  than  reacting  smoothly. 

In  the  case  of  the  pov/der  the  situation  is  altered  by  the 
large  surface  area  of  the  micro-crystals,  an  area  100  to  1000  times 
greater  than  in  visibly  crystalline  samples.  The  original  surface 
reaction  is  thus  able  to  generate  considerable  amounts  of  ammonia 
which  will  again  accelerate  the  1-electron  reduction  and  inhibit  the 
energetic  reaction.  Moreover,  the  increase  in  the  surface  to  volume 
ratio  means  that  a  reaction  proceeding  inward  to  a  given  depth  prior 
to  initiation  will  consume  a  much  greater  percentage  of  the  crystal. 

For  example,  with  crystal  sizes  in  the  0.1  to  1  p  region  a  uniform 
penetration  of  100  molecular  layers  will  consume  on  the  order  of  10 
percent  of  the  crystal.  Consequently,  when  initiation  finally  occxirs 
the  sample  vrill  contain  large  amounts  of  Co(NH3)2(N3)2  and  the  re¬ 
action  will  rapidly  go  over  into  an  explosion  consuming  any  remaining 
/Co(NH3)£7^(N3)3  and  yielding  cobalt  as  a  final  product. 
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The  explosion  can  he  avoided  hy  completely  inhibiting  its 
initiation  by  the  presence  of  excess  ammonia  (at  the  lower  tempera¬ 
tures  the  ammonia  generated  by  the  reaction  itself  is  sufficient) • 
Removal  of  this  ammonia  results  in  explosioixs.  Alternately,  the  de- 
ccmposition  can  be  altered  from  the  powder's  usual  explosive  behavior 
to  the  smooth  CoN  path  by  markedly  slowing  the  1-electron  reduction^ 
relative  to  the  initiation  reaction.  This  is  accomplished  at  120  in 
the  presence  of  a  cold  trap.  Here  the  low  temperature  slows  the 
reduction  while  the  trap  provides  the  most  favorable  situation  for  the 
initiation  reaction.  Consequently,  the  energetic  reaction  commences 
at  a  time  when  relatively  little  of  the  hexammine  has  been  converted 
to  Co(NH3)2(N3)2  and  the  rapid  reaction  takes  the  form  of  a  smooth 
decomposition  to  CoN. 

In  conclusion,  this  discussion  has  presented  a  consistent 
(but  not  necessarily  exclusive)  explanation  of  the  principal  features 
of  the  thermal  decomposition  of  crystalline  and  powder  samples  of 
/Co(NH3)^(N3)3.  However,  it  has  said  virtually  nothing  as  to  the 
detailed  reaction  mechanisms  and,  therefore,  should  be  considered  only 
as  a  necessary  foundation  for  efforts  to  arrive  at  a  more  complete 
understanding  of  the  system.  Vftiile  several  quite  plausible  reaction 
mechanisms  can  be  formulated ,  at  present  our  kinetic  data  provides  no 
convincing  distinction  between  them.  Nevertheless,  it  may  be  of  some 
interest  to  mention  that  the  1-electron  reaction  (in  particular)  is 
suspected  of  being  quite  analogous  to  the  simple  metal  azides  in  that 
the  formation  of  the  azide  radical  is  believed  to  play  an  important 
and  possibly  rate-determining  role  in  the  decomposition.^  The  mecha¬ 
nism  by  which  ammonia  accelerates  this  reaction  and  the  intriguing 
problem  of  the  means  by  which  electrons  are  transferred  through  the 
ligand  sphere  to  the  cobalt  atom  are  now  under  investigation. 
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White  Oak,  Silver  Spring,  Maryland 


ABSTRACT;  Recent  work  at  the  Naval  Ordnance 
Laboratory  has  Indicated  that  the  Impact  sensitivities  of 
organic  high  explosives  are  related  In  a  simple  manner  to 
the  velocities  of  their  thermal  decomposition  reactions 
at  very  high  temperatures,  500°“1000‘’C. 

It  has  been  possible,  by  means  of  a  new  experimental 
technique,  to  measure  the  time  delay  to  explosion  for  a 
series  of  explosives  In  this  hitherto  unexplored  range  of 
temperature  and  reaction  rate. 

This  has  been  accomplished  by  loading  the  explosive 
Into  fine  hypodermic  needle  tubing  which  can  then  be 
heated,  essentially  Instantaneously,  by  a  capacitor  dis¬ 
charge.  The  temperature  and  explosive  event  are  recorded 
by  monitoring  the  resistance  of  the  tube. 

Ohe  measured  delay  times  are  related  to  the  Impact 
sensitivities  of  high  explosives  as  sensitive  materials 
are  found  to  explode  more  rapidly  at  a  given  high  tem¬ 
perature  than  less  sensitive  ones. 
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INTRODUCTION 

A  wide  variety  of  the  physical,  chemical  and 
mechanical  properties  of  an  explosive  determine  the 
absolute  value  of  its  impact  sensitivity  (1,2,5).  "nie 
author  has  proposed  (4)  that  of  these  properties  only  one, 
the  thermal  decomposition  velocity  at  initiation  tempera¬ 
ture,  varies  STifficlently  among  the  organic  high  explosives 
to  account  for  the  differences  in  relative  sensitivity 
which  are  observed,  The  explosives  which  are  most  sensi¬ 
tive  also  prove  to  be  the  ones  which  are  least  stable  at 
very  high  temperatures. 

High  temperature  thermal  decomposition  rates  were 
estimated  by  extrapolations  based  on  the  most  reliable 
values  for  the  Arrhenius  parameters  of  a  series  of  explo¬ 
sives  in  the  available  literature.  Qliese  parameters  were 
obtained  in  isothermal  studies  of  molten  explosives 
carried  out  at  relatively  low  temperatures.  Ihe  direct 
observation  of  the  behavior  of  explosives  at  very  high 
temperatxires  would  avoid  reliance  on  a  long  extrapolation 
of  low  temperature  measurements. 

In  the  temperature  and  time  range  of  interest  in  im¬ 
pact  sensitivity  studies,  chemical  decomposition  is  so 
rapid  compared  to  the  process  of  heat  transfer  as  virtijally 
to  preclude  any  isothermal  measurements  on  condensed  explo¬ 
sives,  Moreover,  these  temperatures  are  sufficient  to 
cause  the  very  rapid  vaporization  of  most  organic  materials 
and  the  formation  of  an  insulating  layer  similar  to  that 
supporting  a  drop  of  water  on  a  hot  skillet.  Any  experi¬ 
ment  designed  to  ascertain  the  behavior  of  explosives  in 
the  temperature  range  500®-1000®C  must  apply  heat  to  the 
material  very  rapidly,  yet  hold  the  material  under  heavy 
confinement  to  prevent  vaporization  and  to  contain  the 
material  in  the  hot  region. 

Another  method,  apart  from  decomposition  kinetics, 
which  has  been  used  to  assess  the  stability  of  explosives 
has  been  the  study  of  explosion  induction  times  and  their 
temperature  dependence  (5).  Delays  do  not  appear  to  have 
been  measured  for  any  explosives  for  times  shorter  than 
0,1  seconds,  There  have  been  several  attempts  to  relate 
these  delay  times  to  decomposition  kinetics,  none  of 
which  met  with  clear  success. 

This  paper  describes  a  new  technique  which  permits 
the  measurement  of  very  brief  delay  times  at  high  temper¬ 
atures  and  considers  the  application  of  the  measurements 
to  the  \anderstandlng  of  the  sensitivity  of  explosives. 
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EXPERIMENTAL 

The  major  difficulties  hindering  the  observation  of 
explosives  subjected  to  very  high  temperatures  have  been 
overcome  by  enclosing  them  in  lengths  of  fine  stainless 
steel  hypodermic  needle  tubing.  Ihe  low  heat  capacity  and 
rather  high  resistivity  of  the  tubes  permit  them  to  be 
electrically  heated  to  high  temperatures  very  quickly. 

The  explosive,  being  a  non-conductor,  is  unaffected  by  the 
ohmic  heating  but  is  soon  heated  by  conduction.  The  small, 
but  significant,  temperature  coefficient  of  resistance  of 
the  material  permits  its  tempera txjre  to  be  determined 
through  a  resistance  measurement.  The  explosion  of  the 
contents  of  a  tube  can  be  observed  by  the  change  in 
resistance  which  it  causes.  Although  the  tubes  are  fine, 
their  geometry  and  construction  are  such  that  they  have 
considerable  strength  and  are  able  to  provide  heavy  con¬ 
finement  for  the  explosive.  Moreover,  the  tubing  proves 
to  be  svifficiently  massive  that  its  heat  loss  to  the 
surrounding  air  is  quite  slow  in  the  time  scale  of  these 
experiments.  The  situation  appears  to  correspond  to  the 
ideal  case  of  an  infinite  cylinder  of  explosive  at  T©#  "the 
surfact  of  which  is  heated  to  Tj^  at  zero  time  and  main¬ 
tained  at  this  temperature.  Thermal  explosion  equations 
have  been  solved  with  just  these  boundaiy  conditions,  but, 
as  will  be  seen,  the  resxats  do  not  seem  to  describe 
these  experiments. 

The  explosives  are  loaded  into^^  hypodermic  needle 
tubing  fabricated  from  type  304  stainless  steel  by  the 
Superior  Tube  Company,  Collegevllle,  Pennsylvania.  This 
size  has  an  outside  diameter  of  0.014  inches  and  an  inside 
diameter  of  0.007  inches.  The  individual  experimental 
tubes  are  made  by  soft  soldering  the  tubing  to  brass 
binding  posts  which  can  be  mounted  in  the  circuit  with  set 
screws.  Before  loading,  the  tubes  are  annealed  to  give  a 
constant  resistance.  This  is  done  by  heating  them  to  a 
cherry  red  heat  by  passing  about  2  amps  throu£^  them. 

The  resistance cf  the  tubes  at  room  temperature  (R©)  is 
determined  by  measuring  the  voltage  drop  across  the  tubing 
on  passage  of  a  very  low  cxjrrent.  The  tubes  are  nominally 
two  and  one-half  inches  long  between  the  binding  posts  and 
have  a  resistance  of  approximately  0.600  ohms. 

The  resistivity-temperature  curve  for  these  tubes  was 
determined  by  measuring  the  resistance  of  tubes  heated  to 
known  temperatures.  This  curve  is  shown  in  Figure  1. 

The  sqxxare  points  represent  temperatvire  measurements  made 
with  thennocouples  and  resistances  measured  with  a 
VJheat stone  bridge.  For  the  round  points,  the  temperatures 
were  measured  with  an  optical  pyrometer  assuming  an 
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emlssivity  of  0.85  and  the  resistance  values  were 
obtained  using  a  voltmeter  and  ammeter  in  a  D.  C.  heating 
circTilt . 

In  order  to  fill  the  tubes,  they  are  prepared  with 
one  end  open  and  one  end  closed*.  The  open  end  of  the 
tubing  is  rested  against  the  bottom  of  a  small  beaker 
containing  a  small  amount  of  the  explosive  to  be  tested. 
Liquids  are  placed  in  a  vacuum  desslcator  and  solids  in  a 
vacuum  oven  regulated  a  few  degrees  above  the  melting 
point.  Tbe  system  including  the  tubes  is  then  evacuated. 
Explosive  is  then  forced  into  the  tube  by  the  readmlssion 
of  air. 

Of  the  explosives  tested,  only  PETN  and  tetryl  are 
markedly  unstable  at  their  melting  points.  It  is  felt, 
however,  that  the  extent  of  decomposition  in  the  roughly 
ten  minutes  they  remain  at  elevated  temperature  is 
insufficient  to  affect  these  resxilts. 

me  tubes  are  studied  in  the  circuit  shown  schemat¬ 
ically  in  Figure  2.  The  hl^  voltage  pulser  consists  of 
a  high  voltage  power  supply,  which  charges  a  2  microfarad 
capacitor  to  voltages  ranging  to  about  7  kilovolts,  and  a 
5C22  thyratron  for  switching  this  charge.  The  capacitor 
discharges  its  energy  through  all  three  branches  of  the 
circuit,  but  because  of  the  lower  resistance  of  Ri  +  R2, 
the  bulk  of  the  current  flows  through  this  path.  When 
the  capacitor  has  finished  discharging,  the  high  voltage 
pulse  represents  an  open  circuit  and  only  the  simple 
Wheatstone  bridge  powered  by  E^  through  R/v  remains. 

The  unbalance  voltage  of  the  bridge  which  is  related 
to  the  temperatiire  of  the  tube  under  test  is  recorded  on 
a  type  555  Tektronix  oscilloscope  with  a  type  D  plug  in 
unit  and  a  DuMont  type  26l4  oscillographic  record  camera. 
Usable  sweep  rates  for  these  experiments  vary  from  20  mi¬ 
croseconds/cm  to  10  milllseconds/cm.  Ry  means  of  a  simple 
zero  calibrating  circuit,  the  scope  scale  has  been  expanded 
so  voltages  can  be  read  to  within  1  millivolt  In  the  range 
0-0.6  volts. 


*  Tubing  can  be  cut  without  collapsing  the  walls  if  a 
sharp,  scissors  type  of  wire  cutter  is  used.  Diagonal  or 
side  cutters  do  a  good  Job  of  sealing  off  the  end  of  the 
tubing . 
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Bie  resistance  of  the  tube  under  test  can  be  computed 
from  the  bridge  output  voltage  E  and  the  knovm  parameters 
of  the  circuit  using  the  expression 

25EbR2  ERaR2  *  50^2  *  50ERa  x 

“  25Eb  -  ER^  -  50E 


The  scope  is  triggered  internally  by  the  capacitor 
discharge.  The  discharge  heats  the  tube  close  to  its 
final  temperature  in  about  20  microseconds.  After  the 
circuit  has  settled  dovm,  the  value  of  E  can  be  used  to 
compute  the  temperature  of  the  wire.  When  the  material 
in  the  tube  explodes,  the  tube  is  ruptured  and  its 
resistance  changes  in  an  abi*upt  manner  which  is  clearly 
visible  on  the  scope  trace.  The  temperatxire  Just  before 
this  abrupt  change  is  taken  as  the  explosion  temperature. 
The  explosion  time  is  the  time  at  which  the  sharp  break 
in  the  trace  occurs  minus  the  20  microsecond  heating  time, 

RESULTS  AND  DISCUSSION 

For  a  given  explosive,  a  plot  of  the  logarithm  of  the 
time  delay  against  the  reciprocal  of  the  absolute  temper¬ 
ature  is  generally  linear  over  a  considerable  range  of 
temperatxires.  That  is,  the  materials  conform  to  the 
expression:  ,  ^ 

7'  =  Aexp  (B/RT)  (2) 

where  T'  is  the  time  delay,  T  is  the  absolute  temperature 
of  the  tube  at  the  time  of  explosion  and  A  and  B  are 
constants. 

The  explosives  studied  have  been  subjected  to  tem¬ 
peratures  in  the  range  260*C  to  1100®C  and  time  delays 
varying  between  50  milliseconds  and  50  microseconds  have 
been  measured.  The  lower  measurable  time  limit  is  deter¬ 
mined  by  the  dv>ration  of  the  capacitor  discharge  pulse. 

The  measurement  of  times  longer  than  50  milliseconds  is 
complicated  by  the  cooling  of  the  tubing  and  by  the 
evaporation  of  the  explosive  out  of  the  end  of  the  tubes. 

The  results  for  two  typical  high  explosives,  2,4,6- 
trlnltrotoluene  (TNT)  and  pentaerythrltol  tetranltrate 
(PETN),  are  shown  in  Figure  3.  Despite  the  scatter,  the 
results  are  fairly  linear  over  the  wide  ranges  of 
temperature  studied.  Figure  4  shows  the  results  for 
1,5,5-trlnltrobenzene  (TNB),  di-^nltroxy ethyl  nitramine 
(DINA)  and  nitroglycerine  (NG) .  Again,  the  results  appear 
linear  over  the  range  of  study.  The  coefficients  A  and  B 
obtained  for  all  the  explosives  studied  are  included  in 
Table  I. 
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600*C  500*C  ^00 


FIGURE  4 


TABLE  I 

Impact  Literature  Critical 

Sensitivity  Values  for  Temperature 

Explosive  505^  ht.  cm,  A  BxlO"-^  E*  for  Explosion 

2,5  Kg,  weight  kcal/mole  in  250  Mlcrosec 


Wenograd 


The  slopes  of  the  delay  time-reciprocal  temperature 
cxirves  reported  in  Table  I  (B  values)  may  be  regarded  as 
adiabatic  activation  energies  for  the  compounds  studied. 
These  results  are  comparable  to  those  obtained  by  others 
doing  meastarements  at  lower  temperatures  (5).  Cook  (7) 
and  Zlnn  and  Mader  (8),  who  have  Integrated  the  eqxoatlon 
which  Prank- Kamenetskll  (9)  proposed  to  describe  the 
development  of  thennal  explosions,  predict  that  this 
adiabatic  activation  energy  should  correspond  to  the  acti¬ 
vation  energy  of  the  heat  producing  thermal  decomposition 
reaction.  Isothermal  gas  evolution  or  weight  loss 
measurements  generally  yield  values  for  the  activation 
energy  of  the  thermal  decomposition  of  explosives  In  the 
range  50-60  kcal/mole.  There  Is  a  suggestion  In  Table  I 
of  a  roiigh  relationship  between  the  adiabatic  and  the 
Isothermal  activation  energies.  The  two  sets  of  data  do 
not  correspond.  The  reasons  for  this  discrepancy  are  at 
present  obscxare. 

An  unexpected  phenomenon  has  come  to  light  In  the 
course  of  experiments  with  three  explosives  containing  the 
terminal  trlnltromethyl  group.  This  Is  Illustrated  In 
Figure  5  which  shows  experimental  points  for  2,2-dlnltro- 
propyl  4, 4, 4-trlnltrobutyrate  (ENPTB)  In  #28  hypodermic 
needle  tubing.  There  Is  a  definite  Inflection  with  com¬ 
paratively  little  scatter  In  the  middle  of  the  range  of 
accurate  measurements.  Similar  but  more  pronounced 
Inflections  have  been  observed  for  2,2,2-trlnltroethyl 
4, 4, 4-trlnltrobutyrate  (TNETB)  and  bis- (2,2,2-trlnltro¬ 
ethyl)  nltramlne  (BTNEN).  In  fact.  In  these  cases,  there 
Is  evidence  of  an  upward  turn  In  the  explosion  delay  times 
above  the  Inflection  temperature. 

It  appears  that  the  behavior  of  these  explosives  at 
temperatures  below  the  Inflection  point  govern  their 
sensitivity.  Thus  the  A  and  B  values  In  Table  I  refer  to 
the  lower  temperature  portions  of  the  curves  for  these 
materials.  It  Is  extremely  unlikely  that  these  Inflections 
reflect  any  basic  change  In  the  chemical  kinetics  of  the 
decomposition  process.  Any  such  change  would  require  that 
a  process  of  higher  activation  energy  become  rate  deter¬ 
mining  above  the  Inflection  temperature.  This  should  lead 
to  greater  slopes  for  the  time-reciprocal  temperatxire 
cxirves  rather  than  the  lower  slopes  which  are  observed. 

Experiments  In  which  the  diameter  of  the  steel  tubing 
Is  varied  show  drastic  changes  In  the  higher  temperatxxre 
portions  of  the  plots.  When  smaller  sizes  of  tubing  are 
employed,  suggestions  of  hvimps  In  the  curves  vanish.  The 
lower  temperatvire  portion  of  the  curves  and  the  points  of 
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inflection  do  not  seem  to  vary  with  tube  size.  It  is 
possible  that  inflections  of  this  nature  occur  with  other 
explosives  outside  the  time  ranges  measured. 

Ihe  proposal  that  the  high  temperature  decomposition 
velocity  Is  the  most  important  factor  determining  the 
relative  impact  sensitivity  of  an  explosive  can  now  be 
tested.  Ihe  hot  tube  experiments  employ  a  purely  thermal 
initiation  process  and  none  of  the  mechanical  properties 
of  the  explosive  can  Influence  the  result .  If  a  scale  of 
sensitivities  based  on  the  hot  tube  experiments  can  be 
established  which  corresponds  with  the  scale  observed  in 
impact  testing.  It  would  Imply  that  the  effect  of  differ¬ 
ences  In  mechanical  properties  on  relative  Impact  heights 
might  be  regarded  as  being  of  lesser  Importance. 

One  would  expect  more  sensitive  explosives  to  explode 
more  rapidly  at  a  given  high  temperature  than  less  sensi¬ 
tive  ones.  Thus,  in  a  graph  such  as  Pigiire  6  it  woxild  be 
expected  that  the  sensitive  explosives  would  tend  towards 
the  lower  right-hand  comer.  In  going  towards  the  upper 
left,  lines  representing  successively  less  sensitive 
materials  would  be  intersected.  Ihe  impact  sensitivities 
of  the  explosives  represented  in  Flgvire  6  are  reported  in 
Table  I.  It  can  be  seen  that  the  more  sensitive  materials 
do  indeed  explode  more  rapidly  and  at  lower  temperatures 
than  insensitive  ones. 

In  an  impact  experiment  there  is  a  rather  short 
period  of  time  dxirlng  which  the  explosive  is  heavily 
confined.  In  order  for  an  impact  explosion  to  occur,  the 
initiation  of  the  reaction  must  occur  before  the  pressure 
is  released  by  the  rebound  of  the  tools.  Warner  and 
Smith  (6)  have  measvired  the  dtiratlon  of  impact  by  studying 
the  variation  with  time  of  the  pressure  in  the  anvil  of  an 
impact  machine  similar  to  that  employed  at  the  Naval 
Ordnance  Laboratory.  Ihe  found  that  the  anvil  was  under 
pressure  for  about  250  microseconds  although  the  presence 
of  a  sample  complicated  the  picture  somewhat.  Ihe  ease 
of  initiating  impact  explosions  can  thus  be  related  to  the 
ease  of  forming  centers  capable  of  bvilld-up  in  250  micro¬ 
seconds  or  less.  For  each  explosive  there  is  a  temperatxire 
above  which  initiation  in  hot  tubes  occurs  within  this 
interval.  Ihese  critical  temperatures  are  recorded  in 
I^ble  I. 

A  plot  of  these  critical  temperatvires  against  impact 
sensitivities  is  shown  in  Figure  7 •  With  the  exception 
of  the  values  for  tetryl  and  ]]NPTB,the  data  are  seen  to 
fit  a  smooth  c\u:*ve  fairly  well.  Both  of  the  explosives 
which  deviate  have  low  slopes  which  render  their  critical 
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FIGURE  7 
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temperatvires  partlctolarly  sensitive  to  the  selection  of 
the  confinement  interval.  Bie  agreement  which  exists 
serves  to  corroborate  the  view  that  the  relative  sensi¬ 
tivities  of  organic  high  explosives  are  determined 
largely  by  their  thermal  decomposition  rates  at  high 
temperatures. 
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Summary 

Rates  of  burning  of  FETN,  RDX  and  HMX  powders  have  been 
measured  in  a  strand  burner  at  elevated  pressures*  Some  of  the  rates 
were  remarkably  high  compared  with  the  remainder  which  were  low  values 
typical  of  burning  rates  of  high  density  explosives*  The  high  rates 
correspond  to  flames  which  propagate  by  a  convective  mechanism  in  which 
the  hot  product  gases  are  driven  by  the  pressure  gradients  which  they 
produce,  into  the  porous  solid*  The  slow  flames  remain  on  the  surface 
of  the  mass  of  powder  which  becomes  melted  to  form  a  continuous  molten 
layer  just  ahead  of  the  burning  zone  so  that  there  is  no  possibility 
of  gas  penetration  into  the  solid  beyond*  For  any  given  pov/der  there 
is  a  certain  transition  press\ire  below  which  it  bums  in  the  slow 
manner  and  above  which  it  bums  by  the  convective  mechanism*  IncreaS" 
ing  the  pressure  up  to  the  transition  value  is  presimied  to  have  the 
effect  of  thinning  the  molten  layer  until  it  is  too  thin  to  maintain 
a  continuous  coverage  over  the  pores;  convective  burning  then  sets 
in*  To  reach  this  stage  requires  higher  pressures  if  the  pore  size 
is.  small  or  if  the  explosive  is  one  which,  in  general,  bums  with  a 
thick  molten  layer*  The  relevance  of  these  results  to  the  develop¬ 
ment  of  detonation  in  solids  is  discussed* 

Introduction 

In  any  description  of  the  processes  by  which  the  burning  of 
an  explosive  medium  may  lead  to  the  development  of  a  detonation  wave 
in  the  medium,  it  is  necessary  to  explain  how  the  pressure  can  rise 
rapidly  enough  to  enable  the  extremely  high  detonation  pressure  to  be 
reached  in  the  face  of  the  ever  present  pressure  dissipating  tenden¬ 
cies*  This  means  that  it  is  necessary  to  show  how  the  rate  of  burn¬ 
ing  can  be  very  great  especially  in  the  early  stages  of  the  pressure 
rise  whilst  the  pressure  is  still  relatively  low  and  when  a  very 
large  rate  of  burning  cannot  be  expected  from  pressure  considerations 
alone*  Rates  of  burning  are  increased  by  increase  of  teraperatirre  or 
by  the  presence  of  certain  catalysts  but  the  effects  are  compara¬ 
tively  small  and  virtxiadly  the  only  way  by  which  a  given  explosive 
medium  can  bum  at  a  very  large  rate  at  moderate  pressures  is  by  the 
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burning  occuring  over  a  large  specific  surface  area*  This  can.  arise 
in  gases  and  liquids  by  the  burning  zone  becoming  turbulent#  The 
present  paper  is  concerned  v/ith  showing  how  a  large  (internal)  burning 
surface  can  arise  in  solids# 

Assuming  that  an  explosive  mass  becomes  ignited  at  one  end^ 
then  if  this  mass  is  completely  impemeable  and  remains  so,  it  must  be 
presumed  impossible  for  the  burning  at  the  end  to  produce  burning  over 
a  large  internal  surface  of  the  mass  by  any  means  other  than  such 
compression  as  the  end-burning  can  generate#  If  the  end-burning 
occurs  under  highly  confined  conditions  the  pressure  produced  may  be 
sufficient  to  produce  internal  ignition  by  compression  in  explosive 
having  suitably  susceptible  centres  at  which  reaction  can  develop, 
and  there  appears  to  be  some  evidence  that  this  can  happen  (l) • 

Often,  however,  as  for  example  in  considering  the  safety  of  explosive^ 
interest  is  focussed  on  the  possibility  of  detonation  developing  in 
the  a.bsence  of  heavy  confinement  and  in  this  case  the  pressure  which 
could  be  developed  by  end-burning  alone  must  be  vex*y  much  less  and  may 
be  assumed  to  be  inadequate  to  lead  to  internal  ignition  by  com¬ 
pression  of  the  explosive#  In  such  cases  therefore,  an  impemeable 
explosive  which  remains  impemeable  cannot  be  expected  to  hvm  over 
any  but  sl  small  enea  of  its  outer  surface  and  so  has  no  means  of 
developing  really  high  pressures  and  camot  therefore  be  expected  to 
develop  a  detonation  wave  from  a  simple  ignition# 

A  different  state  of  affairs  exists  when  the  explosive  mass 
is  pemeable,  as  with  powders  or  lovf  density  pressed  explosive,  or 
can  become  pemeable  as  when  a  charge  is  damaged  by  crushing#  In 
these  cases  it  is  possible  to  imagine  that  burning  which  starts  at 
one  end  of  the  pemeable  mass  might  under  some  conditions  be  able  to 
spread  into  the  pores  pud  propagate  rapidly  along  them  leading  to 
burning  over  a  very  large  internal  surface#  This  type  of  burning 
seems  first  to  have  been  considered  by  Andreev  (2)  who  supposed  that, 
in  his  experiments  on  burning  to  detonation  in  tubes,  burning  over 
an  enlarged  surface  area  must  have  arisen  by  a  process  of  gas  flow 
into  the  pores  of  the  solid,  i#e#  by  a  convective  mechanism#  See 
also  ref.  (5)*  The  present  vrork  establishes  the  reality  of  this  type 
of  burning  and  also  elucida.tes  some  of  the  conditions  which  must  be 
satisfied  before  it  can  occur# 

Measurements  of  Burning  Rates 

Burning  rates  of  compacted  explosive  powders  were  measured 
at  elevated  pressure  in  a  strand  burner  either  by  a  fuse  wire 
technique  using  electric  stop  clocks,  or  by  high  speed  cine  photo¬ 
graphy.  The  explosive  powder,  FETN,  EDX  or  MX,  was  lightly  pressed 
in  increments  into  six  millimetre  bore  tubes  of  paper  or  perspex 
having  respective  wall  thicknesses  of  0*002  inch  and  0*198  inch#  The 
paper  tubes  were  formed  from  a  single  sheet  of  pamper  with  a  cemented 
seam  down  one  side  and  a  plastic  plug  of  the  same  diameter  was 
cemented  into  them  to  fom  a  base#  During  burning,  the  paper  burned 
down  just  above  the  flame  front  but  because  of  the  construction,  the 
remainder  of  the  tube  cannot  be  thought  of  as  having  been  gas  tight. 
The  types  of  perspex  tube  assemblies  v/hich  were  used  are  illustrated 
in  figure  3.  The  incremental  pressing  of  powder  into  these  tubes  was 
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actually  carried  out  with  the  tube  inverted  sind  using  a  detachable 
base;  this  was  in  order  to  ensure  identical  pressing  with  both  open 
and  closed  ended  tubes#  The  strand  burner,  shown  in  figtire  1,  is  a 
development  of  that  which  was  described  by  Crawford  (4)  is  essen¬ 
tially  a  pressure  vessel,  with  internal  dimensions  3  inches  diejneter 
by  24  inches,  and  into  the  bottom  of  which  a  tube  of  the  explosive 
was  mounted#  Slot  windows  on  either  side  of  the  burner  allowed  the 
burning  explosive  to  be  photographed,  and  el.ectrioal  leads  through  the 
end-cap  at  the  bottom  of  the  burner  allowed  current  to  be  passed  when 
the  fuse  wire  technique  was  used#  The  burner  was  connected  through  a 
vd.de  bore  tube  to  a  gas  cylinder,  which  was  large  enough  to  ensure 
that  the  pressure  remained  constant  during  burning#  This  combined 
system  was  pressurized  with  nitrogen  before  an  experiment  and  then 
isolated.  Ignition  of  the  explosive  was  accomplished  by  means  of  a 
hot  wire  via  a  small  piece  of  cordite# 

Results  and  Discussion 

The  most  striking  result  of  the  study  of  the  burning  rates  of 
low  density  PSTN,  RDX  and  IRIX  was  that  it  was  observed  that  in  each 
case,  some  of  the  flames  propagated  reraarka.bly  rapidly  compared  with 
the  remainder  which  coreesponded  to  mass  burning  rates  typical  of 
high  density  explosives  in  the  same  pressure  region  i#e#  of  the  order 
of  1  g.cm.^^.sec*"^.  This  can  be  seen  in  table  I  which  presents  the 
few  results  which  have  been  obtained  for  PETN  and  RDX,  and  in  figure 
2,  which  gives  the  results  of  a  much  more  extensive  investigation 
Vidth  HMX.  The  slow  burning  results  for  the  latter  lie  on  the  gently 
sloping  line  near  the  bottom  of  figure  2  and  it  can  be  seen  that  'for 
any  given  particle  size  of  powder,  slow  burning  always  occurs  at  low 
enough  pressures  but  that  as  the  pressure  is  raised  the  pov/der  will 
begin  to  burn  much  more  rapidly  above  a  certain  transition  pressure. 

Table  I  Burniixg  Rates  of  PETN  and  RDX 

(standard  deviations  in  brackets) 


Explosive 

Method 

Density 

g.cm"^ 

Pressure 

p.s.i.g. 

Apparent 
Mass  Binn¬ 
ing  Rate 

g.cm^^, 

seo"*-^. 

PSTN,  500-853  micron 

As  in  fig# 11(c) 

0.928 

375 

0.51A 

(.011) 

ti  II 

tl 

0.918 

375 

0.531 

(.006) 

H  fl 

II 

0.936 

450 

8.86 

.17 

H  fl 

tl 

0.912 

525 

13.9 

.53 

ft  n 

II 

0.939 

750 

2^7.7 

(.56 

tl  ft 

tl 

0.917 

750 

59.0 

(.70 

RDX,  approx#  5  micron 

Paper  tube 

1.07 

750 

1.66 

(.08] 

RDX,  approx#  200  ** 

n 

1.16 

750 

33.3 

(3.9) 

The  essential  features  of  the  rapid  flames  and  of  the  slow  flames, 
and  the  significance  of  the  transition  pressures  a,t  which  the  one 
type  of  burning  changes  to  the  other,  are  discussed  in  the  following 
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FIG.  1  Strand  Burner 
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PIG-»  2  Burning  rates  of  pressed  HMX  powder  at  various  pressures 
(paper  tube  method). 

Mean  loading  densities  1.20,  1.03,  1.07,  1.08  and  1.02. 
respectively  for  400J^,  104-122#,  62f-76|J,  53-62# 

and  5M  powders. 
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sections.  High  speed  cine  photographs  of  the  burning  strands  of  PETN, 
RDX  and  HMX  could  not  be  distinguished  from  one  another  in  their 
qualitative  features  either  as  regards  the  rapid  flames  on  the  one 
hand  or  the  slow  ones  on  the  other,  and  although  most  of  the  subse¬ 
quent  discussion  is  confined  to  K^DC,  there  is  no  reason  to  believe 
that  it  would  not  apply  equally  well  in  its  qualitative  ^a^spects  to 
PETN  or  RDX  or  indeed  to  any  secondary  explosive  compound. 

(a)  Rapid  burning 

On  cine  films  of  the  rapid  flames  the  particles  of  explosive 
couOLd  be  seen  to  be  loosened  up  to  form  a  fluidised  mass  just  ahead 
of  the  flame  front  and  in  the  flame  front  the  particles  could  be  seen 
to  begin  to  rise  along  with  the  product  gases,  binning  as  they 
accelerated  upwards.  This  is  considered  to  be  direct  evidence  that 
the  rapid  flames  involve  the  explosive  burning  over  the  large  area 
within  the  pores  of  the  powder.  In  the  case  of  the  coarser  powders, 
the  particles  were  finally  ejected  from  the  gas  stream  and  could  be 
partially  recovered  at  the  bottom  of  the  burner  after  an  experiment. 

The  way  in  which  the  rapid  flames  propagate  along  the 
explosive  column  was  investigated  by  experiments  in  which  the  flow  of 
the  product  gases  out  of  the  perspex  oontaining-tube  was  slightly 
restricted  by  a  small  reduction  of  the  area  of  the  tube  outlet  to 
form  a  convergent  nozzle.  A  diagram  of  the  tube  assembly  is  given  in 
figures  3  (a)  and  (b)  and  typical  results  are  illustrated  by  curves 
(a;  and  (b)  in  figure  4.  It  can  be  seen  that  a  greater  flame  speed 
is  obtained  over  most  of  the  length  of  the  tube  when  the  product  gas 
stream  passes  through  a  convergent  nozzle  than  when  a  blank  nozzle  is 
used  and  moreover  in  both  cases  the  flame  speed  is  greater  the  nearer 
the  flame  gets  to  the  lower  end  of  the  tube. 

These  results  are  interpreted  as  being  effects  of  changing 
pressure  gradients.  Thus,  the  lower  ends  of  the  tubes  must  remain  at 
ambient  pressure  whilst,  as  in  all  simple  flames,  the  pressure  in  the 
region  of  the  flame  front  will  be  greater  than  the  ambient  pressure 
by  a  certain  amount  (which  may  be  called  the  dynamic  pressure). 

There  must  therefore  be  a  pressure  gradient  between  the  flame  front 
and  the  lower  end  of  the  tube  and  this  pressure  gradient  will  be 
greater  the  greater  the  dynamic  pressure  (which  is  increased  by  the 
convergent  nozzle),  or  the  nearer  the  flame  front  is  to  the  lower  end 
of  the  tube.  The  effect  of  these  pressure  gradients  will  be  to  cause 
the  nitrogen  gas  initially  present  in  the  pores  of  the  powder  to  be 
flowing  towards  the  lower  end  of  the  tube  at  a  rate  which  increases 
with  the  pressure  gradient.  Any  hot  product  gas  ahead  of  the  position 
of  peak  pressure  would  likewise  flow  along  with  the  nitrogen  and 
would  be  expected  to  ignite  the  pore  surfaces  as  it  advanced  thus 
leading  to  the  flame  advancing  more  rapidly  when  the  pressure 
gradient  was  greater,  due  to  the  presence  of  a  convergent  nozzle,  or 
due  to  the  flame  being  nearer  to  the  lower  end  of  the  tube.  This  is 
clearly  a  satisfactory  explanation  of  the  principal  features  of 
curves  (a)  and  (b)  in  figure  4  end  shows  that  the  mechanism  of  flame 
propagation  is  essentially  a  convective  one,  the  flame  being  a  procesB 
of  rapid  flow  of  hot  product  gas  into  the  permeable  solid,  igniting 
it  as  it  goes  and  displacing  the  gas  initially  present  in  the  pores 
and  setting  it  flowing  ahead.  This  general  conclusion  is  supported  by 


82 


Taylor 


results  of  similar  e^rperiments  which  were  carried  out  using  perspex 
tubes  which  v^ere  closed  and  gas-tight  at  the  lov/er  end,  as  shown  in 
figure  3  (c)*  A  typiceJ.  result  is  given  in  curve  (c)  of  figure 
In  contrast  to  curve  (b)  in  the  same  figure,  it  can  be  seen  that  there 
is  now  no  continuous  increase  in  flame  speed  as  the  flame  advances, 
corresponding  to  the  fact  that  there  is  no  reason  why  the  pressure 
should  remain  at  ambient  at  the  lower  end  of  the  tube  and  in  fact  the 
pressure  at  the  end  of  the  tube  must  slowly  rise  due  to  the  accumula¬ 
tion  of  nitrogen  which  has  been  displaced  by  the  flame  from  the  upper 
parts  of  the  tube#  The  absence  of  a  constant  pressure  condition  at 
the  lower  end  of  the  tube  makes  a  more  detailed  interpretation  of 
curve  (c)  rather  difficult,  but  it  is  very  likely  tha,t  the  advance  of 
the  visible  flame  in  this  case  depends  in  part  upon  other  effects  such 
as  diffusion,  especially  as  the  flame  approaches  the  lower  end  of  the 
tube# 

It  is  important  to  note  that  the  convergent  nozzle  would 
produce  only  a  very  small  increase  in  the  total  pressure  in  the 
perspex  tube#  This  can  be  seen  from  the  fact  that  the  dynamic 
pressure  corresponding  to  curve  (b)  would  be  roughly  a  quarter  of  an 
atmosphere  and  also  that  the  throat  area  in  the  convergent  nozzle  used 
was  0.51  of  the  tube  cross  sectional  area  and  corresponds  to  an 
increase  in  dynamic  pressure  by  a  factor  of  only  four,  as  estimated 
on  the  basis  of  frozen-eqtiilibrium  flow#  The  convergent  nozzle  would 
therefore  only  increase  the  total  pressure  by  about  three  quarters  of 
an  atmosphere,  at  an  ambient  pressure  of  about  25  atmospheres •  This 
calculated  effect  of  the  convergent  nozzle  is  assumed  to  give  the 
correct  order  of  magnitude  for  the  pressures  which  must  have  been 
present  during  actual  experiments,  and  using  these  values,  the 
increase  in  flame  speed  which  could  be  accounted  for  simply  by  an 
increase  in  the  total  pressure  in  the  tube  would  be  less  by  a  power 
of  ten  than  that  actually  observed.  This  emphasises  the  importance 
of  pressure  differences  in  this  type  of  flame# 

(b)  Slow  burning  and  the  significance  of  transition  pressures 

It  is  clear  from  Table  I  and  figure  2  that  a  low  density 
powder  does  not  always  bum  rapidly  by  the  convective  mechanism 
described  above  but  that  it  may  bum  at  low  rates  typical  of  high 
density  explosives*  Cine  films  of  pov/ders  burning  at  these  low  rates 
show  that  the  flame  front  is  essentially  flat  with  no  sign  of  the 
fltiidised  appeaijince  referred  to  in  connection  with  the  rapid  flames, 
and  related  work  by  the  author  has  shown  that  when  burning  occurs  at 
these  low  rates  a  molten  layer  of  explosive  is  present  in  the  burning 
zone*  The  latter  fact  has  the  result  that  the  mass  rate  of  burning 
equals  that  for  high  density  explosive  burning  under  the  same  condi¬ 
tions*  It  also  suggests  that  the  main  difference  betY/een  the  condi¬ 
tions  which  lead  to  the  convective  type  of  burning  rnd  those  leading 
to  the  slow  type  of  burning  rests  upon  whether  the  conditions  are 
such  as  to  allow  an  incipient  molten  layer  to  be  continuous  and  so 
lead  to  slow  burning  by  preventing  the  flame  gases  having  access  to 
the  pores  of  the  solid,  or  whether  such  a  continuous  molten  layer 
would  be  \instable,  in  r^hich  case  convective  burning  should  set  in# 

To  be  published 
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On  this  basis  a  transition  from  slow  burning  to  convective  burning 
would  be  expected  when  the  conditions  had  been  changed  sufficiently 
to  make  it  just  impossible  for  the  molten  layer  to  remain  continuous# 
This  is  presumed  to  be  the  case  under  the  conditions  at  each  of  the 
bends  of  the  curves  shown  in  figure  2#  It  will  be  noted  from  this 
figure  that  the  transition  pressure  corresponding  to  each  of  the  bends 
is  greater  the  finer  the  particles  and  since  the  loading  density  is 
approximately  constant,  this  means  that  the  transition  pressure 
increases  with  decrease  in  pore  size#  A  plausible  explanation  of 
this  variation  can  be  based  on  a  consideration  of  molten  layer  thick¬ 
ness#  Thus,  because  of  the  steady  increase  in  (slow)  burning  rate^ 
with  pressure,  the  preheating  zone  and  therefore  the  molten  zone  will 
get  thinner  as  the  pressvire  is  raised,  and  a  stage  will  be  reached 
when  the  molten  zone  is  just  too  thin  to  form  a  continuous  layer  over 
the  pores  of  the  powder  so  that  the  pores  are  exposed  to  the  flame 
gases  and  convective  burning  is  possible#  If  the  pore  size  of  the 
explosive  is  less,  then  a  greater  pressure  must  be  apj^lied  to  the 
explosive  before  the  molten  layer  is  thin  enough  to  be  inadeqviate  to 
cover  the  pores,  i#e.  for  smaller  pores  the  transition  pressure  should 
be  greater;  this  agrees  with  the  facts# 

An  important  consequence  of  this  explanation  is  that  if  two 
different  explosives  bum  with  different  molten  layer  thicknesses  at 
the  same  pressure,  then  under  the  same  conditions  of  particle  size 
and  loading  density  a  greater  transition  pressure  would  be  expected 
for  the  explosive  which  bums  v;ith  the  thicker  molten  layer#  Now  the 
molten  layer  in  burning  PETN  is  almost  certainly  thicker  than  that  of 
mix  because  of  the  big  difference  between  the  melting  points  (l?fO  C 
and  278°C  respectively)  and  so  a  greater  transition  pressure  would  be 
expected  for  PETN  than  for  BiX  under  the  same  conditions#  This  is 
confirmed  by  the  results  in  table  I  and  figure  2  which  show  tha,t  the 
transition  pressure  of  micron  PLTN  is  about  4^0  p#s#i#g# 

whereas  that  of  the  same  particle  size  of  BIX  would  be  belbw  the 
value  of  150  p.s.i.g#  obtained  for  the  transition  pres^i^ure  of 
of  approximately  4OO  micron  particle  size,  the  latter  statement  being 
based  on  the  previously  described  evidence  that  the  transition 
pressure  of  HMX  decreases  v/ith  increase  in  paxticle  size#  It  there¬ 
fore  seems  very  likely  that  the  explanation  of  transition  pressures, 
based  on  the  variation  of  molten  layer  thickness  in  relation  to  pore 
size,  is  correct. 

Conclusion 

The  importance  of'  burning  over  the  internal  surface  of  a 
solid  explosive  in  facilitating  the  development  of  detonation  was 
discussed  in  the  introduction#  It  has  been  shown  that  such  internal 
burning  can  arise  by  the  convective  spreading  of  flame  from  the  surface 
of  an  explosive  mass  into  its  interior  at  a  rate  which  increases  with 
the  pressure  gradient  just  ahead  of  the  flame  front,  and  therefore, 
in  most  practical  cases,  v/ith  the  pressure  in  the  flame#  It  has  also 
been  shown  that  melting  of  the  explosive  may  prevent  this  spreading 
if  the  pressure  at  the  burning  surface  is  below  a  certain  transition 
pressure,  the  value  of  which  depends  upon  the  porosity  of  the  explo¬ 
sive#  Experiments  have  not  yet  been  carried  out  to  see  to  what 
extent  melting  can  prevent  the  onset  of  convective  burning  v^hen  there 
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is  a  large  pressure  difference  across  the  liquid  film  as  would  tend  to 
be  the  case  in  more  practical  situations  such  as  the  ignition  of  a 
locally  confined  region  of  an  explosive  mass*  Hov/ever  assuming  that 
the  general  behavioxir  would  be  the  same  in  these  cases,  the  effect  of 
melting  should  be  to  prevent,  or  greatly  reduce  the  chance  of,  the 
development  of  detonation  i>rovided  the  pressure  remained  below  an 
appropriate  transition  pressure#  If  the  effective  confinement  were 
such  that  the  pressure  could  exceed  the  transition  pressure,  detona¬ 
tion  would  be  much  more  likely  to  develop. 
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ELECTRICAL  INITIATION  OF  RDX 


G.  M.  Muller,  D.  B.  Moore,  and  D.  Bernstein 
Poulter  Laboratories,  Stanford  Research  Institute 
Menlo  Park,  California 


The  object  of  this  paper  is  to  present  the  principal  results 
obtained  in  the  course  of  two  different  studies  of  the  electrical  ini¬ 
tiation  of  RDX*.  The  first  of  these  studies (^)  was  concerned  with  the 
initiation  of  loosely-packed,  powdered  RDX  by  a  bridgewire}  in  the 
second, (®)  initiation  of  pressed  pellets  of  RDX  was  achieved  by  in¬ 
corporating  in  each  pellet  a  central  core  consisting  of  an  RDX-graphite 
mixture  through  which  current  could  be  passed.  The  results  from  the 
two  sets  of  experiments  illustrate  the  overwhelming  importance  which 
the  state  of  aggregation  of  the  explosive  plays  in  determining,  not 
merely  the  minimum  energy  required  for  initiation,  but  also  the  nature 
of  the  explosion  which  follows  successful  initiation. 

I  BRIDGEWIRE  INITIATION  OF  POWDERED  RDX 
A.  APPARATUS  AND  PROCEDURE 

The  various  types  of  charges  and  bridgewire  arrangements 
used  are  shown  in  Figure  1.  The  charge  was  assembled  by  placing  a 
Incite  plate  of  the  appropriate  type  on  one  of  the  metal  cover  plates, 
filling  the  resulting  cavity  with  powdered  RDX,  and  completing  the 
assembly  as  shown  in  Figure  l(a).  A  charge  of  type  B3,  already  loaded 
with  RDX  but  prior  to  final  assembly,  is  shown  in  Figure  2.  (Note  the 
dab  of  silver  ink  used  to  hold  the  bridgewire  in  place.)  All  Incite 
plates  were  1/4  inch  thick;  the  remaining  dimensions  (w  and  &  in 
Figure  2)  of  each  charge  used  will  be  indicated  whenever  appropriate. 
The  cover  plates  were  of  3/l6-inch  steel  or  aluminum;  in  addition  to 
confining  the  charge  on  top  and  bottom,  they  provide  electrical  con¬ 
tact  to  each  end  of  the  bridgewire  whose  effective  length,  with  the 
charge  fully  assembled,  is  thus  equal  to  the  thickness  of  the  Incite 
plate.  • 

In  most  of  the  shots  reported,  the  grain  size  of  the  RDX 
used  was  about  80  to  100  p;  inadvertently,  some  of  the  charges  prob¬ 
ably  consisted  of  100  to  300  p  material.  Except  for  an  occasional 

^Throughout  thTs~paper,  the  term  "RDX"  refers  to  the  pure  (unwaxed) 
material . 
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FIG.  2 

TYPE  B3  CHARGE 


FIG.  3 

INSIDE  FACE  OF  TWO  COVER  PLATES  FROM  B3  CHARGES 
SHOWING  HIGH  ORDER  DETONATION  MARKINGS 
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deliberate  variation,  no  particular  attempt  was  made  to  control  the 
loading  density;  some  auxiliary  measurements  indicate  that  the  usual 
value  (referred  to  as  "normal"  in  the  remainder  of  this  section)  was 
1.15  g  cm“3  (+  10^). 

The  electrical  energy  for  firing  the  charges  was  supplied  by 
a  4-pf  power  supply,  triggered  by  a  three-electrode  spark  gap.  The 
circuit  had  a  switching  time  of  about  0.1  psec  and  a  short-circuit 
period  of  about  11  psec .  The  power  supply  terminated  in  two  copper 
electrode  clamps  mounted  inside  a  large  wooden  box;  the  assembled 
charge  was  connected  to  the  clamps  by  the  two  contact  screws  shown  in 
Figure  l(a).  Current  and  the  voltage  across  the  load  were  measured, 
respectively,  by  a  current  viewing  resistor  and  a  voltage  dividing 
network,  and  displayed  on  a  Tektronix  551  dual  beam  oscilloscope. 

B.  RESULTS:  SINGLE-BRIDGEWIRE  CHARGES 

General .  To  fix  ideas,  consider  a  specific  B3  charge,  1/4-  x 
1-inch,  normal  packing  density,  No.  38  (4-mil  diameter)  copper  bridge- 
wire,"*^  With  a  condenser  voltage  of  1.5  kv  or  above,  this  charge  always 
exploded.  (it  will  become  clear  in  the  sequel  why  the  more  general 
term  "exploded"  is  used  rather  than  "detonated.")  Putting  aside  for 
the  moment  the  question  of  a  threshold  voltage  for  explosion,  let  us 
consider  the  explosion  itself.  Terminal  observation  of  the  steel 
cover  plates  proved  to  be  very  enlightening  because  in  each  case  the 
reaction  wave  progressing  through  the  RDX  from  the  bridgewire  left  a 
distinctive  footprint.  Figure  3(a)  is  a  photograph  of  a  typical  steel 
cover  plate  of  a  1/4-  x  1-inch  charge  after  firing  at  2  kv .  For  the 
first  11  or  12  mm  from  the  position  of  the  bridgewire  (A)  there  is 
very  little  marking  on  the  plate;  over  the  region  corresponding  to  the 
remainder  of  the  RDX  charge,  the  plate  is  blackened  and  feels  dis¬ 
tinctly  rough  to  the  touch.  The  transition  from  the  unmarked  to  the 
blackened  zone  was,  in  most  cases,  fairly  abrupt  and  reasonably  uni¬ 
form  transverse  to  the  line  AB.  Several  cover  plates  were  sectioned 
along  lines  parallel  to  AB,  and  the  sections  examined  metallograph- 
ically .  Figure  4  displays  a  series  of  three  micrographs  taken  at  dif¬ 
ferent  points  along  the  surface  of  a  sectioned  plate.  Figure  4(a)  is 
centered  at  about  10.5  mm  from  the  bridgewire  and  shows  no  significant 
surface  deformation  or  damage  to  the  crystal  structure.  Figure  4(b) 
at  11.5  mm  shows  distinct  surface  rippling  and  a  few  isolated  crystal¬ 
lographic  twins;  visual  observation  of  the  specimen  in  a  metallograph 
also  shows  deposition  of  amorphous  black  material  (probably  carbon), 
not  visible  on  the  photograph.  At  12.5  mm  [Figure  4(c)]  the  twinning 

*  The  nominal  diameter  and  resistivity  of  the  various  wire  types  referred  to  in  this  paper 
are  as  follows; 


MATERIAL 

B  S  S  GAGE  NO. 

DIAMETER 

(mils) 

RESISTIVITY 
AT  20°C 
( ohms/ f oot ) 

wmm 

32 

7.95 

0.164 

38 

3.695 

0.660 

44 

1.978 

2.66 

■B 

40 

3.145 

61.0 
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FIG.  4 

CROSS  SECTIONS  OF  COVER  PLATE  FROM  B3  CHARGE  AFTER  FIRING 
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has  become  extremely  severe.  These  terminal  observations  strongly  in¬ 
dicate  that  the  reaction  initiated  by  the  bridgewire  travels  a  distance 
of  about  11 .5  mm  (under  the  conditions  of  the  particular  experiments 
just  discussed)  and  then  undergoes  an  abrupt  change;  in  particular, 
past  experience  at  this  Laboratory (^ )  indicates  that  the  heavy  twin¬ 
ning  mentioned  above  is  evidence  of  pressures  in  excess  of  130  kilo- 
bars.  It  is,  therefore,  reasonable  to  infer  that  this  abrupt  change 
corresponds  to  a  transition  from  deflagration  or  low  order  detonation 
to  high  order  detonation. 

A  few  of  the  shots  were  fired  with  several  pin-pairs  inserted 
through  one  of  the  cover  plates;  while  these  were  not  intended  to  be 
high-precision  experiments,  they  showed  quite  clearly  the  existence  of 
two  velocity  regimes,  an  initial  one  of  2-3  mm/psec  in  the  unmarked 
zone  followed  by  one  of  6-8  mm/psec  in  the  blackened  zone. 

That  the  reaction  initiated  in  a  train  of  powdered  RDX  by  a 
bursting  bridgewire  eventually  turns  into  a  high  order  detonation  was 
also  shown  in  an  experiment  not  requiring  metallographic  examination. 

In  this  experiment  a  Type  C  charge  was  used;  two  shots  were  fired  with 
a  3/16- inch  steel  plate  butted  up  against  the  free  end  of  the  charge 
(Figure  5).  In  each  case,  an  end  spall  was  driven  off  the  far  side  of 
the  plate  (Figure  6),  indicating  high  order  detonation  in  the  RDX. 

Finally,  two  Type  C  charges  were  fired  under  photographic 
observation,  using  a  Beckman  and  Whitley  framing  camera.  The  photo¬ 
graphs  show  the  front  of  a  reaction  wave  which  starts  at  the  bridge- 
wire,  travels  through  that  portion  of  the  RDX  corresponding  to  the  un¬ 
marked  region  of  the  cover  plate  at  an  average  (and  possibly  slightly 
increasing)  velocity  of  about  2.7  mm/psec,  and  then  at  the  boundary  of 
the  blackened  zone  very  rapidly  speeds  up  to  6.8  mm/psec,  at  the  same 
time  sharply  increasing  in  luminosity.  One  of  the  shots  was  fired 
with  lucite  rather  than  steel  cover  plates;  this  decrease  in  confine¬ 
ment  did  not  appear  to  have  a  substantial  effect  on  the  distance  at 
which  the  high  order  detonation  began. 

2.  Induction  Distance.  With  the  evidence  presented  above,  it 
becomes  clear  that  with  each  explosion  of  powdered  RDX  initiated  by  a 
bursting  bridgewire  there  is  associated  an  induction  distance  for  high 
order  detonation.  For  the  purpose  of  reporting  the  experimental  re¬ 
sults,  ’'induction  distance"  will  be  used  simply  to  denote  the  distance 
measured  on  a  steel  cover  plate  from  the  position  of  the  bridgewire  to 
the  nearest  point  at  which  the  characteristic  blackening  can  be  ob¬ 
served  by  superficial  examination.*  The  uncertainty  in  these  measure¬ 
ments  was  of  the  order  io .5  mm;  moreover,  in  those  shots  where  two 
steel  plates  were  used,  any  difference  between  the  two  separate  meas¬ 
urements  of  induction  distance  fell  within  this  same  range. 


*i.e.,  without  the  use  of  metallographic  techniques. 
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FIG.  5 


FIG.  6 


TYPE  C  CHARGE  ARRANGED 
TO  SPALL  A  STEEL  PLATE 


STEEL  PLATE  SPALLED  BY 
HIGH  ORDER  DETONATION 


POSITION  OF  BRID6EWIRE 


DETONATION  MARKINGS 

GA-2656-56 


FIG.  8 

^  B3  CHARGE  MODIFIED  TO 

APPEARANCE  OF  COVER  PLATE  INVESTIGATE  SECONDARY 

FROM  TYPE  B4  CHARGE  DETONATION  OF  COMP  B 


94 


Muller,  Moore  &  Bernstein 


To  show  the  dependence 
of  induction  distance  on  various 
parameters,  Table  I  presents  a 
list  of  firings  of  Type  B3  charges 
with  steel  cover  plates,  indicat¬ 
ing  charge  dimension  (w  x  i ,  in 
the  notation  of  Figure  2),  shot 
number  (for  reference  purposes), 
condenser  voltage,  and  induction 
distance.  Unless  otherwise  indi¬ 
cated,  the  bridgewire  was  No.  38 
copper  wire,  and  the  loading  den¬ 
sity  normal .  (No  measurement  of 
induction  distance  could  be  made 
with  charges  having  two  aluminum 
cover  plates  because  of  the  severe 
damage  to  the  plates . ) 

It  is  apparent  that,  at 
most,  only  a  slight  decrease  in 
induction  distance  results  from 
increasing  the  condenser  voltage 
from  2  kv  to  8  kv;  the  difference 
between  12  mm  and  10.5  mm  is,  in 
view  of  the  experimental  uncertain¬ 
ty  just  on  the  threshold  of  being 
significant.  To  what  extent  an 
increase  in  stored  electrical  energy  corresponds  to  increased  effective 
energy  dissipation  in  the  RDX  is  a  matter  of  some  speculation;  in  this 
connection,  note  also  that  going  from  a  4-mil  (No.  38)  to  an  8-mil 
(No.  32)  bridgewire  (Shots  No.  267  and  266)  at  constant  voltage  led  to 
no  significant  change  in  induction  distance . 

The  consistency  of  the  data  referred  to  in  the  last  para¬ 
graph  can  be  taken  as  an  indication  that  the  moderate  variations  in 
packing  density  which  may  be  expected  to  have  occurred  from  shot  to 
shot  did  not  have  a  large  effect  on  the  induction  distance.  On  the 
other  hand,  a  very  marked  increase  in  induction  distance  (from  12  mm 
to  17.5  mm)  resulted  from  lowering  the  packing  density  by  50^.  No 
measurement  was  made  at  the  time,  but  it  is  estimated  that  the  packing 
density  in  Shot  No .  270  was  about  one-half  of  normal .  (As  was  pointed 
out  in  connection  with  the  framing  camera  shots,  the  substitution  of 
lucite  for  steel  as  the  cover  plate  material  seems  to  have  no  signif¬ 
icant  effect  on  induction  distance;  there  is  no  reason  to  believe, 
therefore,  that  the  validity  of  the  conclusion  just  stated  is  affected 
by  the  fact  that  one  of  the  cover  plates  in  this  shot  was  made  of 
aluminum . ) 

Decreasing  the  channel  cross  section  (i.e.,  the  cross  sec¬ 
tion  transverse  to  AB)  from  1/4  x  l/4  inch  to  1/8  x  1/4  inch  (Shot 
No.  265)  produced  a  moderate  (from  12  mm  to  14  mm)  increase  in  induc¬ 
tion  distance.  Figure  3(b)  shows  one  of  the  cover  plates  from  this 
shot . 


TABLE  I 
SINGLE  BRIDGEWIRE  CHARGES 
TYPE  P3 


SIZE 
(  in.  ) 

SHOT 

NO. 

CONDENSER 

VOLTAGE 

(kv) 

INDUCTION 

DISTANCE 

(mm) 

1/4  X  1 

254 

2.0 

12 

1/4  X  1 

255 

2.0 

12 

1/4  X  1 

264 

2.0 

12 

1/4  X  1 

267 

8.0 

11 

1/4  X  1 

266 

8.0 

10.5^ 

1/4  X  1 

270 

2.0 

17.5^ 

1/4  X  1/2 

262 

5.0 

10.5 

1/8  X  1 

265 

2.0 

14 

No.  32  copper  bridgewire 

2 

RDX  lightly  packed'dens i ty  perhaps 
1/2  normal;  1  steel,  1  A1  plate 
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Two  1/4-  X  1-inch  charges  of  Type  B4  were  fired  at  2.5  kv 
and  5.5  kv,  respectively.  These  charges  differ  from  B3  only  in  the 
position  of  the  bridgewire.  The  markings  on  the  cover  plates  are 
shown  schematically  in  Figure  7 .  The  induction  distances  (measured 
from  the  wire  to  either  blackened  zone)  were  all  about  11  mm. 

3.  Secondary  Initiation  of  Insensitive  Explosives  by  RDX.  To 
determine  the  effect  of  single-bridgewire  initiated  RDX  on  an  insen¬ 
sitive  explosive,  two  shots  were  fired  using  B3  devices  in  which  part 
of  the  RDX  charge  was  replaced  by  a  1/4- inch  equilateral  cylinder  of 
Composition  B.  Schematically,  the  arrangement  is  shown  in  Figure  8. 

Both  devices  had  No.  38  copper  bridgewires.  Shot  No.  259 
employed  a  1/4-  x  1-inch  charge  (over-all  dimension,  including  the 
CoWosition  B  cylinder),  fired  at  3.5  kv ,  From  the  markings  on  the 
cover  plates,  it  was  quite  evident  that  high  order  detonation  had 
occurred  in  the  Composition  B.  Shot  No.  273  employed  a  1/4—  x 
1/2- inch  charge,  fired  at  5  kv;  in  this  shot  the  Composition  B  was 
merely  shattered.  These  results  are  readily  explainable  in  terms  of 
induction  distance.  The  RDX  charge  in  Shot  No.  259  was  large  enough 
to  allow  the  reaction  wave  in  the  RDX  to  go  as  a  high  order  detonation 
for  approximately  6  mm  before  striking  the  insensitive  explosive,  thus 
causing  the  latter  to  detonate  also.  In  Shot  No.  273,  the  longest 
distance  between  the  bridgewire  and  any  part  of  the  RDX  charge  was 
only  about  9  mm;  no  high  order  detonation  could  develop  in  the  RDX, 
and  the  pressure  and  temperature  developed  in  the  pre-high  order  wave 
insufficisnt  to  detonato  the  Composition  B. 

For  some  further  results  relating  to  the  initiation  of 
detonation  in  Composition  B,  see  also  Shot  No.  261  described  under  C, 
below. 


4.  The  Threshold  for  Initiation.  The  principal  reason  for  pre¬ 
senting  the  material  on  induction  distance  prior  to  discussing  the 
process  of  initiation  itself  is  to  show  that,  within  the  range  of  the 
present  experiments,  the  growth  to  high  order  detonation  is  reasonably 
independent  of  the  details  of  initiation.  (This  certainly  would  not 
be  true  when  reaction  in  the  RDX  is  initiated  by  another  explosive . ) 

In  almost  all  of  these  experiments,  there  was  either  failure  to  ex¬ 
plode  with  no  substantial  reaction  induced  in  the  RDX  (as  evidenced  by 
the  presence  of  unburned  RDX  even  though  in  some  cases  the  explosive 
device  came  apart);  or  else  the  device  exploded,  with  the  RDX  com¬ 
pletely  consumed.  It  is  clear  that  explosion  implies  the  presence  of 
a  high  order  detonation  only  where  the  charge  is  larger  than  the  in¬ 
duction  distance. 

For  determining  threshold  voltages,  it  is  only  that  part  of 
the  charge  (and  possibly  its  environment)  in  the  neighborhood  of  the 
bridgewire  which  is  significant.  Thus,  for  present  purposes,  the  ex¬ 
periments  involving  charges  of  Type  B3  may  be  considered  concomitantly 
with  a  previous  series  of  shots  involving  1/2- inch  diameter  charges  of 
Type  A,  with  aluminum  cover  plates. 

In  Table  II,  explosion  or  failure  to  explode  is  indicated 
for  a  number  of  shots,  some  of  them  already  listed  in  Table  I. 


96 


Muller,  Moore  &  Bernstein 


TABLE  II 

SINGLE  BRIDGEWIRE  CHARGES 


BRIDGEWIRE 

CHARGE 

SHOT 

NO. 

CONDENSER 

VOLTAGE 

(kv) 

RESULT; 

CHARGE 

EXPLODED 
INDUCTION 
DISTANCE  (nm) 
(where  measured) 
UNLESS  OTHER¬ 
WISE  INDICATED 

Material 

Diame  ter 
(gage) 

Type 

Size 
(in.  ) 

Cu 

38 

A 

1/2 

231 

2.8 

Cu 

38 

A 

1/2 

232 

2.3 

Cu 

38 

A 

1/2 

242 

2.0 

Cu 

38 

A 

1/2 

233 

1.8 

Cu 

38 

A 

1/2 

243 

1.5 

Cu 

38 

A 

1/2 

244 

1.2 

Failed 

Cu 

38 

R3 

1/4  X  1 

267 

8.0 

11 

Cu 

38 

R3 

1/4  X  1/2 

262 

5.0 

10.5 

Cu 

38 

B3 

1/4  X  1 

256 

2.5 

Cu 

38 

R3 

1/4  X  1 

254 

2.0 

12 

Cu 

38 

B3 

1/4  X  1 

255 

2.0 

12 

Cu 

38 

B3 

1/4  X  1 

264 

2.0 

12 

Cu 

38 

B3 

1/4  X  1 

270^ 

2.0 

17. 5^ 

Cu 

38 

B3 

1/8  X  1 

265 

2.0 

14 

Cu 

38 

R3 

1/4  X  1 

245 

1.9 

Cu 

38 

B3 

1/4  X  1 

246 

1.5 

Cu 

38 

B3 

1/4  X  1 

27ll 

1.2 

Failed 

Cu 

32 

R3 

1/4  X  1 

266 

8.0 

10.5 

Cu 

32 

B3 

1/4  X  1 

253 

2.0 

Failed 

Cu 

44 

B3 

1/4  X  1 

248 

1.75 

Failed 

Nichrome 

40 

B3 

1/4  X  1 

247 

1.75 

Failed 

Nichrome 

40(4)^ 

A 

1/2 

227 

3.8 

Nichrome 

40(4) 

A 

1/2 

228 

3.3 

Nichrome 

40(4) 

A 

1/2 

229 

2.8 

Nichrome 

40(4) 

A 

1/2 

230 

2.3 

Failed 

^  packing  density  of  RDX  about  1/2  normal 
2 

1  steel,  1  aluminum  cover  plate 


4  strands  of  No,  40  wire  twisted  together 


With  a  No .  38  copper  bridgewire,  explosion  occurred  consistently  at 
1.5  kv  and  above,  failure  at  1.2  kv;  the  threshold  voltage  under 
present  experimental  conditions  thus  lies  between  these  values.  One 
shot  (No.  271)  was  fired  at  1.2  kv  and  with  a  very  low  packing  density 
to  see  whether  loose  packing  might  have  a  significant  effect  in  low¬ 
ering  the  threshold  voltage;  this  charge,  too,  failed  to  explode.  No 
systematic  series  of  shots  was  run  on  No.  32  and  No.  44  copper  wire 
but  it  is  clear  that  the  threshold  voltage  for  these  gages  is  higher; 
in  fact,  the  No.  32  wire  barely  broke  at  2.0  kv.  A  systematic  series 
was  run  on  a  bridgewire  consisting  of  four  strands  of  No,  40  nichrome 
wire  twisted  together;  the  threshold  voltage  is  between  2.3  and  2.8  kv. 
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A  single  strand  of  No .  40  nichrome  wire  failed  to  initiate  RDX  at 
1.75  kv. 

Generally,  if  firing  of  a  charge  did  not  lead  to  initiation, 
the  RDX  was  left  more  or  less  in  place.  Usually,  the  RDX  adjacent  to 
the  exploded  wire(s)  showed  spotty  discoloration,  at  first  believed  to 
be  burn  marks.  On  closer  examination,  it  was  determined  that  this  dis¬ 
coloration  was  at  least  partly  due  to  very  fine  copper  particles  dis¬ 
persed  for  as  much  as  2  mm  from  the  original  position  of  the  bridgewire. 

5.  Bridgewire  Oscillograms;  Energy  Considerations.  Figure  9(a) 
is  the  10-^Lsec  record  for  Shot  No.  264.  The  probable  sequence  of 
events  is  as  follows.  On  a  l-jisec  time  scale,  the  switching  is  es¬ 
sentially  instantaneous  at  t  =  0.1  p-sec .  The  current  begins  to  rise, 
governed  by  the  time  constant  of  the  external  circuit .  The  bridgewire 
is  heated  with  a  gradual  rise  in  resistance,  accounting  for  the  slight 
rise  in  measured  voltage  between  2.0  |isec  and  2.7  [isec ,  At  this  point, 
the  wire  bursts,  leading  to  a  very  sharp  increase  in  resistance  which 
is  reflected  in  the  almost  discontinuous  increase  in  voltage  and  the 
simultaneous  discontinuity  in  dl/dt.  Some  slight  conduction  continues 
to  take  place,  the  resistance  at  4  |JLsec  being  of  the  order  of  several 
ohms.  At  7  \xsec  the  current  has  fallen  to  a  negligible  value,  with 
the  voltage  remaining  constant  at  about  800  volts  which  corresponds  to 
the  residual  voltage. 

Figure  9(b)  covers  the  first  20  ^isec  of  Shot  No.  246.  Except 
for  the  lower  voltage,  the  record  is  very  similar  to  the  previous  one, 
the  residual  condenser  voltage  is  400  volts. 

Figure  9(c)  covers  20  jisec  of  Shot  No.  271.  In  this  case, 
the  wire  did  not  break  until  about  4  ^isec  with  the  current  already 
rapidly  declining.  The  peak  in  measured  voltage  associated  with  the 
breaking  is  much  less  pronounced.  This  shot,  at  1.2  kv,  did  not  lead 
to  initiation  of  the  RDX, 

In  the  foregoing,  fired  at  a  relatively  low  voltage,  very 
little  conduction  took  place  following  the  bursting  of  the  wire.  In 
Shot  No.  227  [Figure  9(d)]  with  nichrome  No.  40 (4)*  wire  fired  at 
somewhat  under  4  kv,  the  wire  broke  in  about  2  p,sec;  moreover,  the 
dwell  time  (the  time  of  non- conductance  following  the  bursting  of  the 
wire)  is  no  more  than  about  0.1  [isec ,  At  an  even  higher  voltage,  the 
breaking  of  the  wire  is  farther  advanced;  the  resulting  arc  behaves 
effectively  like  a  short  [Figure  9(e),  Shot  No.  260]. 

The  bursting  of  the  wire  can  also  be  advanced  by  going  to  a 
smaller  wire  diameter.  Figure  9(f)  (Shot  No.  248)  is  the  record  for 
a  No.  44  copper  bridgewire  fired  at  1.75  kv .  Here  the  wire  burst  in 
less  than  2  \xsec;  the  process  required  little  enough  energy  so  that, 
in  spite  of  the  low  initial  condenser  voltage,  considerable  current 
flow  took  place  for  approximately  the  next  8  \xsec ,  It  is  interesting 
to  note  that  in  this  shot  the  RDX  was  not  initiated. 

The  lowest  voltage  (1.5  kv)  at  which  initiation  took  place 
corresponds  to  a  stored  energy  of  4.5  joules.  A  rough  integration  of 
the  power  dissipated  in  the  wire  for  Shots  No.  246  [Figure  15(b)]  and 

*See  Table  II,  Note  (3)  for  notation. 
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(a) 

I  /isec/cm 
5000  amp/cm 

2000  v/cm 


SHOT  NO. 


264 


7\ 

— . 

.  - 

(b) 

2  /isec/cm 
5000  amp/cm 

1000  v/cm 


246 


' 

(c) 

2  /Lisec/cm 
5000  amp/cm 

1000  v/cm 


271 


(d) 

2  sec/cm 
5000  amp/cm 

(NOT  CALIBRATED) 


227 


(e) 

I  ^  sec /cm 
5000  amp/cm 

4000  v/cm 


(f) 

2  /x  sec/cm 
5000  amp/cm 

1000  v/cm 


UPPER  TRACE  IS  CURRENT 
LOWER  TRACE  !S  VOLTAGE 

TIME  - ► 


260 


248 


GA-2656-60 


FIG.  9 

TYPICAL  BRIDGEWIRE  OSCILLOGRAMS 
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243  (both  with  No.  38  copper  bridgewire)  shows  that  approximately 
3-4  joules,  i.e.,  a  substantial  part  of  the  stored  energy,  was  de¬ 
livered  to  the  wire  prior  to  bursting  in  each  case.  On  the  other 
hand,  it  is  clear  that  in  those  cases  where  the  stored  energy  is 
greatly  in  excess  of  that  required  to  burst  the  wire,  at  least  a  large 
part  of  this  additional  energy  is  dissipated  in  whatever  conductive 
path  (arc,  etc.)  replaces  the  wire — See  Figures  9(d),  (e) ,  (f).  Thus, 
if  it  is  the  energy  delivered  to  the  wire  before  it  breaks  which  is 
significant  in  determining  whether  or  not  the  RDX  is  initiated,  it 
would  appear  that  to  minimize  the  stored  energy  (for  a  given  power 
supply  and  a  fixed  wire  length),  it  is  most  efficient  to  choose  the 
wire  diameter  such  that  the  threshold  energy  required  for  bursting  the 
wire  is  equal  to  or  slightly  less  than  the  energy  which  must  be  de¬ 
livered  to  the  RDX  for  initiation. 

It  should  be  noted  that  in  the  shot  involving  the  No.  44 
wire  fired  at  1.75  kv  (Shot  No.  248),  with  a  stored  energy  of  6  joules, 
the  energy  delivered  after  the  wire  broke  was  less  effective  in  pro¬ 
moting  reaction  than  energy  delivered  prior  to  the  breaking  of  the 
No.  38  bridgewires  in  Shots  No.  246  and  243,  since  in  both  of  the 
latter,  with  a  stored  energy  of  only  4.5  joules,  initiation  took  place 
whereas  Shot  No.  248  failed.  It  may,  however,  be  that  a  circuit  with 
a  sufficiently  short  resonant  period  can  deliver  most  of  its  stored 
energy  before  even  a  very  thin  wire,  subject  to  the  effects  of  inertia 
and  magnetic  pressure,  has  significantly  expanded.  Now,  a  given 
amount  of  energy  stored  in  a  thin  wire,  being  available  at  a  higher 
temperature,  is  probably  more  effective  in  the  initiation  of  chemical 
reaction  than  an  equal  amount  stored  in  a  thicker  wire.  Therefore, 
while  No .  44  copper  wire  is  uneconomic  compared  with  No .  38  wire  under 
the  present  experimental  conditions,  the  use  of  a  power  supply  with  a 
much  higher  resonant  frequency  may  well  reverse  this  situation  and 
lower  the  minimum  initiation  energy. 

It  may  also  be  noted  in  this  connection  that  the  time  during 
which  most  of  the  energy  is  delivered  to  a  No .  38  wire  with  the  power 
supply  used  is  rather  shorter  than  one  might  suspect  from  the  ll-|isec 
resonant  period  of  the  detonator  unit.  The  calculation  of  the  power 
dissipation  for  Shots  No.  246  and  243  mentioned  above  indicates  that 
relatively  little  power  is  dissipated  until  just  before  the  current 
flow  reaches  its  first  maximum;  after  that,  the  power  dissipation  in¬ 
creases  very  rapidly  because  of  the  heating  and  consequent  increase  in 
resistance,  and  the  wire  bursts  within  a  microsecond. 

Unfortunately,  it  was  impossible  to  include  in  this  study 
any  experiments  on  the  effect  which  the  length  of  the  bridgewire  has 
on  minimum  initiation  energy.  Since  initiation  in  a  given  volume  of 
RDX  probably  depends  principally  on  achieving  a  certain  initial  energy 
density,  the  minimum  initiation  energy  may  be  expected  to  be  roughly 
proportional  to  the  wire  length.  End  effects  may,  however,  be  sig¬ 
nificant.  Recent  experiments  ( '*)  on  exploding  wires  indicate  that  in 
most  of  the  bridgewire  devices,  energy  may  be  released  preferentially 
in  the  vicinity  of  the  two  points  of  contact  between  bridgewire  and 
cover  plate;  in  this  case,  a  large  part  of  the  dissipated  electrical 
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energy  may  be  lost  to  the  initiation  process  by  thermal  conduction  to 
the  cover  plates . 

C.  RESULTS:  INTERACTION  OF  TWO  REACTION  WAVES 

Several  B1  charges  were  fired  to  investigate  whether  the 
collision  of  two  pre-high  order  reaction  waves  could  lead  to  high 
order  detonation.  These  charges  are  identical  with  the  B3  charge, 
except  that  they  have  No.  38  copper  bridgewires  at  both  ends  of  the 
charge.  (The  wires  are  electrically  in  parallel.)  Three  1/4-  x 
1/2-inch  charges  were  fired  at  3,  5,  and  7.5  kv,  respectively  (Shots 
No.  274,  263,  268).  A  photograph  of  one  of  the  cover  plates  is  shown 
in  Figure  10.  The  sharp  indentation  midway  between  the  bridgewire 
positions  shows,  on  metallographic  examination,  none  of  the  surface 
rippling,  deposition  of  black  amorphous  material,  and  twinning  indic¬ 
ative  of  high  order  detonation.  Thus  the  indentation  must  be  essen¬ 
tially  due  to  the  intensification  of  pressure  which  is  produced  when 
any  two  high- amplitude  compression  waves  collide.*  The  general  evi¬ 
dence  from  the  experiments  discussed,  as  well  as  from  earlier  ones 
not  covered  in  this  paper,  is  that  the  terminal  damage  and  noise  pro¬ 
duced  by  a  given  amount  of  initiated  RDX  is  independent  of  the  frac¬ 
tion  of  the  charge,  if  any,  which  underwent  high  order  detonation. 

(This  observation  may  not  be  true  under  radically  different  experi¬ 
mental  conditions  such  as  complete  lack  of  confinement.)  It  seems 
quite  likely,  therefore,  that  the  reaction  which  occurs  behind  the 
pre-high  order  wave  front  leads  to  the  same  total  energy  release  as 
that  occurring  behind  the  high  order  wave  front  but  at  a  much  slower 
rate.  If  this  surmise  is  correct,  then  the  failure  to  produce  high 
order  detonation  in  the  above  two  shots  may  be  ascribed  to  the  fact 
that  when  the  two  wave  fronts  collided  there  was  no  longer  a  suffi¬ 
cient  amount  of  unreacted  material  available  in  which  a  high  order 
detonation  could  have  been  initiated  by  the  sudden  increase  in  tem¬ 
perature  and  pressure  resulting  from  the  collision. 

A  shot  (No.  272)  which  may  confirm  the  statement  just  made 
(although  the  evidence  is  not  conclusive)  involved  a  1/4-  x  1-inch 
B1  device  in  which  the  central  part  of  the  RDX  charge  had  been  re¬ 
placed  by  a  1/4-inch  equilateral  Composition  B  cylinder  (Figure  11 ). 

This  shot,  fired  at  5  kv,  led  to  complete  high  order  detona¬ 
tion  of  the  Composition  B.  On  the  basis  of  even  as  short  an  induction 
distance  as  10.5  mm,  the  amount  of  RDX  which  could  have  undergone  high 
order  detonation  (shown  black  in  the  figure)  is  very  small.  It  seems 
likely,  therefore,  that  the  Composition  B  was  actually  detonated  by 
the  collision  of  the  two  shock  waves  which  resulted  when  it  was  struck 
by  the  two  reaction  waves  in  the  RDX . 

One  shot  (No.  258)  was  fired  at  3  kv  with  a  1/4-  x  1-inch 
RDX  charge.  The  cover  plates  showed  a  deep  indentation  surrounded  by 
1  to  2  mm  of  typical  high  order  markings,  midway  between  the  bridge- 
wires.  Since  each  reaction  wave  had  an  available  run  of  about  12  mm, 

*It  is,  in  a  way,  ironic  that  high  order  detonation  can  be  produced  in 
a  charge  of  the  same  dimensions  by  initiating  it  with  a  single  bridge- 
wire  .  Compare  Shot  No .  263  (Table  I ) . 
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FIG.  10 

COVER  PLATE  FROM  A  B1  CHARGE  SHOWING  THE  PRESSURE 
MARK  RESULTING  FROM  THE  COLLISION  OF  TWO  PRE-HIGH 
ORDER  REACTION  WAVES 


HIGH  ORDER 
DETONATION  MARKINGS 


BRIDGEWIRES 


FIG.  11 

CHARGE  FOR  SHOT  NO.  272 


FIG.  12 

APPEARANCE  OF  COVER  PLATE 
FROM  A  TYPE  B2  CHARGE 
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this  result  is  entirely  what  one  would  expect. 

One  shot  (No.  261)  was  fired  at  4.8  kv  using  a  1/4-  x  1-inch 
type  B2  charge.  The  bridgewire  arrangement  and  cover  plate  markings 
are  shown  schematically  in  Figure  12. 

The  measured  induction  distance  was  9.5  mm,  the  lowest  found 
in  any  experiment.  Apparently  the  two  reaction  waves  starting  out 
from  the  bridgewires  reinforced  each  other  under  conditions  where  this 
reinforcement  could  be  effective  in  shortening  the  induction  distance 
(contrast  with  the  three  shots  discussed  at  the  beginning  of  this 
section) , 


II  INITIATION  OF  PRESSED  RDX  BY  INTERNAL  HEATING 
A .  BACKGROUND 

Like  most  solid  explosives,  RDX  in  the  form  of  pressed 
pellets  is  much  less  sensitive  to  initiation  than  is  the  granular 
material.  At  BRL,  pressed  RDX  pellets  have  been  initiated  by  a  bridge- 
wire;  the  required  energy  was  of  the  order  of  50  joules,*  Having  the 
explosive  powdered  rather  than  pressed  probably  facilitates  bridgewire 
initiation  in  two  ways: 

(a)  Liquid  metal  droplets  from  the  exploding  wire  can  penetrate 
more  readily  into  the  interior  of  the  mass  of  explosive  where  they 
ignite  individual  grains. 

(b)  Either  the  pressure  generated  by  the  explosion  of  individual 
grains  is  large  enough  to  compress  nearby  air  pockets  to  a  suffi¬ 
ciently  high  temperature  where  ignition  of  adjacent  grains  of  explo¬ 
sive  takes  place,  or  else  hot  gas  jets  from  one  burning  grain  pene¬ 
trate  among  adjacent  grains,  with  the  same  result. 

Bowden  and  Gurton(®)  suggested  that  the  first  of  the  two 
mechanisms  under  (b)  is  responsible  for  the  propagation  of  the  steady 
low-order  detonation  found  in  thin  films  of  various  explosives  which 
contain  air  or  gas  inclusions.  (in  contrast  to  a  high  order  detona¬ 
tion,  the  pressure  developed  in  a  low  order  detonation  is  too  small  to 
induce  substantial  reaction  at  the  wave  front  by  shock  compression  of 
the  explosive  itself.)  Some  such  mechanism  can  account  for  the  almost 
immediate  appearance  of  the  pre-high  order  reaction  wave  following  the 
bursting  of  the  bridgewire  in  a  charge  of  powdered  RDX;  moreover,  if 
the'  individual  grains  of  RDX  are  ignited  at  the  surface,  the  energy 
release  behind  the  advancing  reaction  front  is,  of  course,  slower  than 
in  a  high  order  detonation. 

In  the  experiments  to  be  described,  the  transfer  of  energy 
to  the  explosive  takes  place  in  a  way  which  eliminates  that  particular 


*Private  communication  from  George  Hauver .  In  the  BRL  experiment  high 
order  detonation  apparently  occurred  within  a  very  short  distance 
from  the  site  of  the  bridgewire;  it  may  be,  therefore,  that  if  enough 
energy  is  delivered  to  a  bridgewire  to  initiate  a  pressed  or  cast 
explosive  at  all,  the  resulting  pressure-temperature  conditions  will 
generally  be  extreme  enough  for  a  high  order  detonation  to  start 
immediately. 
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difference  in  the  initiation  of  pressed  and  powdered  RBX  which  arises 
from  consideration  fa),  above.  Pressed  cylindrical  RBX  charges  were 
used  containing  a  l/32-inch  diameter  cylindrical  central  core  of  RDX 
mixed  with  a  conducting  powder.  Current  from  a  condenser  was  passed 
through  this  central  core,  substantially  all  the  stored  energy  being 
delivered  in  from  two  to  seven  microseconds.  Some  preliminary  calcu- 
lations(^)  based  on  assumptions  commonly  used  in  the  theory  of  the 
thermal  initiation  of  explosives  or  propellants(® » ® )  had  indicated 
that  if  the  initial  temperature  through  the  core  following  the  electrical 
discharge  exceeds  600°K,  the  temperature  reached  as  the  result  of  the 
reaction  of  the  explosive  will  have  been  only  slightly  affected  by  heat 
conduction  by  the  time  that  the  chemical  reaction  in  the  core  is  sub¬ 
stantially  complete.  For  initial  core  temperatures  exceeding  750 °K, 
this  latter  point  should  be  reached  within  about  one  microsecond  following 
the  discharge;  to  reach  this  initial  core  temperature  requires  an  energy 
of  about  4  joules,  assuming  that  all  the  electrical  energy  is  converted 
into  heat,  and  that  the  heating  of  the  core  is  uniform.  With  a  suf¬ 
ficiently  high  energy  input,  it  is  conceivable  that  the  core  pressure 
might  rise  rapidly  enough  to  induce  detonation  in  the  surrounding  ex¬ 
plosive;  the  only  other  mechanism  available  for  causing  the  surrounding 
explosive  to  undergo  reaction  is  a  progressive  thermal  explosion  which 
propagates  by  heat  conduction.  (if  the  explosive  charge  is  large  enough, 
such  a  thermal  explosion  wave  will  probably  ultimately  turn  into  a 
detonation.)  Because  heat  conduction  is  a  comparatively  slow  process, 
this  mechanism  will  fail  to  operate  if  the  core  temperature  falls  because 
of  the  leakage  of  the  explosion  products,  or  if  the  charge  breaks  apart 
because  of  mechanical  effects  resulting  from  the  high  pressure  at  the 
center.  (it  may  be  mentioned  in  this  connection  that  explosion  and 
eventual  detonation  of  pressed  RDX  had  been  obtained  by  Stresau  and 
Weber  at  Armour  Research  Foundation*  by  delivering  200,000  ergs  of 
electrical  energy  to  a  volume  of  the  order  10“®  cm®.) 

B.  APPARATUS  AND  PROCEDURE 

All  charges  were  cylindrical,  l/4-inch  high  and  of  l/4-inch 
diameter.  Each  charge  consisted  of  an  inner  cylindrical  core  l/32-inch 
in  diameter  and  of  a  surrounding  cylindrical  shell.  The  shell  was 
first  pressed  out  of  pure,  unwaxed  RDX  to  a  density  of  1.7  gm“®  and  the 
core  was  then  pressed  into  the  shell,  core  materials  being  mixtures  of 
RDX  (grain  size  80  to  100  fi)  and  graphite  (grain  size  15  to  40  p)  or 
RDX  and  silver  flake.  The  pressing  operations  were  performed  in  a 
specially  constructed  die.  While  the  density  of  the  outer  shell  could 
be  quite  well  controlled,  it  is  likely  that  in  some  of  the  charges  the 
core  density  may  have  been  somewhat  below  1.7  g  cm"®. 

The  electrical  energy  was  supplied  by  a  l/2-|if  coaxial  con¬ 
denser,  fired  by  a  spark  gap.  This  power  supply  was  mounted  in  a  co¬ 
axial  system  with  very  low  inductance;  the  resonant  period  on  short- 
circuit  was  1.6  psec.  The  power  supply  terminated  in  a  steel  pedestal 


*  Private  communication  from  J.  Savitt  to  G.  E.  Duvall. 
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which  provided  the  ground  connection;  a  hole  in  the  pedestal  allowed 
access  to  a  coaxial  fitting  for  the  high  voltage  connection.  The 
pedestal  was  mounted  inside  the  wooden  box  used  for  the  experiments 
described  in  Part  I . 

Except  for  a  few  preliminary  experiments,  the  charges  were 
fired  in  the  assembly  shown  in  place  on  the  power  supply  pedestal  in 
Figure  13.  The  charge  was  placed  in  a  cavity  inside  a  2- inch  by 
2-inch  lucite  cylinder;  brass  pistons  provided  confinement  on  the  top 
and  bottom  of  the  charge  (with  a  view  to  simulating  a  very  long  cyl¬ 
inder)  and  also  supplied  the  electrical  connections  to  the  core  of  the 
charge.  The  weight  on  the  top  piston  prevented  the  latter  from  tearing 
through  the  wooden  box;  as  it  was,  we  found  it  necessary  to  tape  a 
piece  of  styrofoam  to  the  weight  to  prevent  it  from  damaging  the  box. 

The  power  supply  circuit  included  a  current  viewing  resistor 
and  access  for  a  high  voltage  probe;  the  output  from  these  devices  was 
monitored  on  a  Tektronix  551  dual  beam  oscilloscope. 

The  steel  sleeve  surrounding  the  lucite  cylinder  had  a 
1/8-inch  diameter  hole  drilled  perpendicular  to  the  axis  of  the  assem¬ 
bly  at  the  height  of  the  explosive  pellet;  light  coming  through  this 
hole  was  viewed  by  a  photomultiplier  whose  output  was  monitored  on  a 
Tektronix  535  oscilloscope. 

From  some  preliminary  measurements,  it  was  clear  that  the 
specific  conductivity  of  finely  powdered  conductors  depends  strongly 
on  the  density  and  hence  on  the  pressure  applied  in  loading.  Thus, 
pure  silver  flake  (silver  in  the  form  of  approximately  50-micron 
diameter  platelets)  is  essentially  nonconducting  when  piled  in  a  small 
heap;  if  this  same  material  is  placed  inside  a  1/32-inch  hole  in  a 
piece  of  lucite,  and  then  manually  compressed  between  two  pieces  of 
piano  wire  of  about  the  same  diameter  as  the  hole,  the  resistance  very 
suddenly  falls  to  a  negligible  value  as  the  force  applied  to  one  of 
the  wires  reaches  a  few  pounds  (by  casual  estimate) .  This  same  kind 
of  dependence  of  resistance  on  loading  density  was  found  to  hold  for 
mixtures  of  conducting  and  nonconducting  powders.  Moreover,  we  found 
that  dextrin  containing  as  much  as  20  percent  graphite  was  noncon¬ 
ducting  even  when  pressed  into  1- inch-diameter  pellets  at  5,000  psi; 
presumably,  the  dextrin,  because  of  its  smaller  grain-size,  completely 
coated  the  individual  graphite  particles. 

In  view  of  these  preliminary  findings,  it  is  not  surprising 
that  attempts  to  measure  the  DC  resistance  of  some  of  the  pellets  pro¬ 
duced  somewhat  random  results .  The  lowest  resistance  measured  between 
the  two  pistons  (see  Figure  13)  with  a  10^-graphite  core  pellet  in 
place  was  about  50,000  ohms.  Contact  resistance  played  an  important 
part.  For  example,  the  condenser  failed  to  discharge  in  one  attempted 
shot  involving  a  15^-graphite  core  pellet.  On  removing  the  assembled 
charge  holder  from  the  pedestal,  a  measurement  of  the  resistance  be¬ 
tween  the  pistons  showed  effectively  infinite  (>10®  ohms)  resistance. 
The  charge  holder  was  then  disassembled  and  the  pellet  and  piston 
faces  cleaned  off  to  remove  any  ungraphited  RDX  which  might  be  inter¬ 
fering  with  the  contact  between  the  pistons  and  the  graphited  pellet 
core.  The  charge  was  reassembled,  and  a  second  resistance  measurement 
gave  a  value  of  about  2  megohms .  The  pellet  was  then  successfully 
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exploded;  the  oscilloscope  record  indicated  a  delay  of  no  more  than 
1/2  psec  between  the  appearance  of  the  voltage  across  the  pistons  and 
the  beginning  of  appreciable  current  flow. 

C .  RESULTS 

Table  III  lists  the  twelve  shots  which  were  fired  using  the 
charge  assembly  shown  in  Figure  13.  The  identifying  shot  numbers 
refer  to  our  laboratory  records .  The  entry  under  "Core"  shows  the 
kind  and  amount  of  conducting  powder  mixed  with  RDX  to  form  the  core 
material,  "c"  and  "Ag"  indicating  graphite  and  stiver  flake,  respec¬ 
tively.  For  each  shot,  the  voltage  and  stored  energy  are  given. 


TABLE  III 


SHOT 

CORE 

VOLTAGE 

(kr) 

STORED  ENERGY 
( j  oules ) 

TERMINAL  OBSERVATION 

7 

20%  Ag 

5.0 

6.25 

Entire  charge  exploded 

8 

20%  C 

3.85 

3.7 

Entire  charge  exploded 

9 

20%  C 

3.25 

2.65 

Entire  charge  exploded 

10 

20%  C 

2.9 

2.1 

Entire  charge  exploded 

11 

20%  C 

2.9 

2.1 

Entire  charge  exploded 

12 

20%  C 

2.7 

1.8 

Entire  charge  exploded 

13 

20%  C 

5.6 

7.8 

Entire  charge  exploded 

14 

15%  C 

5.6 

7.8 

Entire  charge  exploded 

15 

15%  C 

5.6 

7.8 

Entire  charge  exploded 

16 

15%  C 

6.15 

9.4 

Core  only  exploded* 

17 

10%  c 

5.6 

7.8 

Entire  charge  exploded 

18 

10%  c 

6.15 

9.4 

Entire  charge  exploded 

♦  The  outer  RDX  shell  remains  substantially  intact;  the  lucite 
holder  was  cracked  into  four  pieces. 


The  electrical  energy  dissipated  in  the  charge  was  determined  by 
numerical  integration  from  the  voltage  and  current  records  for  several 
shots;  in  each  case  the  value  thus  obtained  agreed  with  the  stored 
energy  to  within  10^.  The  voltage-current  record  reproduced  in 
Figure  14  is  typical  of  the  shots  fired  at  5  kv  or  above;  the  capac¬ 
itor  is  generally  substantially  discharged  within  1.5  to  2.5  psec  from 
the  time  the  Circuit  is  closed.  The  load  resistance  at  time  of  maxi¬ 
mum  current  is  usually  about  1  ohm.  (Unfortunately,  no  voltage- 
current  or  photomultiplier  records  were  obtained  from  the  single  shot. 
No.  7,  which  involved  a  silver- RDX  core.)  At  the  lower  voltages  used, 
the  time  required  for  complete  discharge  increases  to  about  5  to 
7  psec,  and  the  resistance  at  maximum  current  is  about  3  ohms.  An 
exception  is  Shot  No.  9  where  discharge  was  completed  in  2  psec  and 
the  resistance  at  maximum  current  was  about  1  ohm,  both  values  being 
typical  of  the  higher  voltage  discharges. 
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FIG,  13 

CHARGE  AND  CHARGE  HOLDER 
(Pressed  RDX) 


0  2.5  5.0  fisec 


FIG.  14 

TYPICAL  VOLTAGE-CURRENT  RECORD 
(Pressed  RDX,  Shot  No.  15) 
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Figure  15  shows  the  photomultiplier  records  from  Shots  No .  12 
and  17  on  rather  long  time-scales.  Each  oscillogram  records  two  major 
luminous  events,  the  interval  between  these  being  about  200  |isec  for 
the  high  energy  shot  and  about  1200  psec  for  the  low  energy  shot.  The 
first  event  is  definitely  associated  with  explosion  of  the  conducting 
core  and  possibly  with  the  electrical  discharge  itself;  the  second 
one,  by  elimination,  with  explosion  of  the  main  charge.  To  verify  the 
first  statement,  consider  the  photomultiplier  records  from  Shots  No.  15 
and  16  fired  at  comparable  voltages  (Fig,  16).  In  Shot  No.  16  the 
core  only  exploded;  this  misfire  was  perhaps  due  to  the  leakage  of  the 
explosion  gases  during  the  apparently  quite  extended  induction  period 
required  for  substantial  reaction  to  buildup  in  the  remainder  of  the 
charge.  For  present  purposes,  the  significance  of  the  shot  lies  in 
the  great  qualitative  similarity  which  the  first  50  psec  of  the  re¬ 
sulting  photomultiplier  output  bear  to  the  corresponding  period  of 
Shot  No.  15  in  which  the  main  charge  did  explode.  Moreover,  a  careful 
examination  of  the  original  photomultiplier  oscillogram  from  Shot 
No.  12  (Fig.  7)  shows  that  the  first  luminous  event  has  a  two-peak 
structure  substantially  like  those  shown  in  Figure  8;  the  first  peak 
in  this  shot  did  not  appear,  however,  until  about  40  psec  after  the 
electrical  circuit  was  closed,  hence  long  after  completion  of  the 
electrical  discharge.  We  must  conclude  that  the  first  luminous  event, 
although  it  may  contain  contributions  (see  below)  due  to  the  discharge 
as  such,  is  principally  related  to  the  explosion  of  the  RDX-graphite 
core. 

The  first  peak  of  the  two  peak  structure  is  probably  due  to 
the  light  emitted  when  the  pressure  wave  from  the  reacting  core 
(possibly  reinforced  by  pressure  generated  by  the  electrical  discharge 
itself)  suddenly  heats,  by  compression,  the  air  trapped  at  the  pellet- 
lucite  interface;  the  second  peak  likely  arises  in  a  similar  manner  at 
the  lucite-steel  interface.  There  is  the  possibility  that  stray  light 
emitted  from  the  region  of  contact  between  the  pistons  and  the  core 
may  come  within  the  view  of  the  photomultiplier  by  internal  reflec¬ 
tions  from  the  lucite-steel  interface  and  thus  contribute  to  the 
photomultiplier  output;  such  light  emission  could  be  the  immediate 
result  of  the  electrical  discharge,  or  arise  from  the  subsequent 
chemical  reaction.  It  may  be  noted,  incidentally,  that  in  Shot  No.  16 
the  intensity  of  the  photomultiplier  output  begins  to  rise  toward  the 
second  peak  at  about  the  time  (12  psec)  at  which  the  front  of  a  com- 
pressional  wave  generated  in  the  core  within  two  microseconds  of  the 
closing  of  the  circuit  would  be  expected  to  arrive  at  the  lucite-steel 
interface.  In  other  high-energy  shots  where  usable  photomultiplier 
records  were  obtained,  the  time  delay  to  the  beginning  of  the  second 
peak  is  somewhat  longer;  one  cannot  discount  the  possibility  that  a 
further  contribution  to  the  light  intensity  arises  when  the  air  at  the 
pellet-lucite  interface  is  reheated  by  the  inward-moving  compressional 
wave  reflected  from  the  lucite-steel  interface. 

While  these  questions  of  detailed  interpretation  of  the 
photomultiplier  records  could  hardly  be  settled  without  further  exper¬ 
iments,  it  is  clear  at  this  point  that  the  explosion  of  the  charge 
takes  place  in  two  quite  distinct  stages.  The  core  explodes  first; 


108 


Muller,  Moore  &  Bernstein 


SHOT  NO.  12 

STORED  energy:  1.8  joules 


L 

A 

1  1  1 

1  mm  1  1 

0  I  2  msec 


SHOT  NO.  17 

STORED  ENERGY:  7.8  joules 


_ 

3  Imil _ 1  1 

11(1 

0  I  2  msec 

FIG.  15 

PHOTOMULTIPLIER  RECORDS 
Showing  the  energy  dependence 
of  the  timing  of  the  first  (  ^  ) 
and  second  (  nni  )  major 
luminous  events 


SHOT  NO,  15 

STORED  ENERGY:  7.8  joules 


FIRST  SECOND 
PEAK  PEAK 


SHOT  NO.  16 

STORED  ENERGY:  9.3  joules 


FIRST  SECOND 
PEAK  PEAK 

i  I 


FIG.  16 

PHOTOMULTIPLIER  RECORDS 
Showing  the  two-peak  structure 
of  the  first  major  luminous  event 
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substantial  reaction  occurs  within  at  most  a  few  microseconds  from  the 
closing  of  the  circuit  at  an  applied  voltage  of  5  kv  or  above,  or  with 
a  delay  ("first  induction  period")  of  as  much  as  40  lisec  at  an  applied 
voltage  of  2.7  kv .  Then  follows  a  second  induction  period,  ranging 
from  200  psec  at  5.5  kv  to  1.2  msec  at  2.7  kv,  at  the  end  of  which  the 
main  charge  explodes.  If  there  is  insufficient  confinement  of  the 
charge  during  this  second  induction  period,  escape  of  the  hot  explo¬ 
sion  gases  from  the  core  and  the  consequent  loss  of  the  heat  available 
for  inducing  reaction  in  the  remaining  explosive  may  cause  failure  of 
the  main  charge  to  explode.  In  the  case  of  very  slight  confinement, 
the  main  charge  may  simply  break  apart  and  be  scattered.  This  is  sub¬ 
stantiated  by  two  shots  fired  prior  to  those  listed  in  Table  III  but 
employing  the  same  kind  of  explosive  pellets  (with  a  lO/o  graphite  core). 
The  charge  holder  consisted  merely  of  a  thin-walled  Incite  shell 
within  which  the  pellet  was  held  by  two  small  brass  pistons  under 
negligible  pressure.  The  shots  were  fired  at  5.6  and  6.1  kv,  respec¬ 
tively.  The  voltage-current  records  are  substantially  identical  with 
those  from  the  later  shots  fired  at  comparable  voltages  but  in  each 
case  there  was  merely  a  loud  pop,  and  terminal  examination  of  the 
debris  disclosed  fairly  large  pieces  of  lucite  and  unreacted  grains 
of  RDX. 

D.  DISCUSSION 

For  Shot  No.  12,  with  a  stored  energy  of  1.8  joules,  the 
initial  core  temperature  calculated  on  the  basis  of  uniform  heating 
and  with  conservatively  low  values  of  heat  capacity  and  density  is 
only  550®K  (assuming  the  pellet  to  be  at  290®K  prior  to  the  discharge). 
According  to  the  calculations  mentioned  in  Section  A,  above,  at  this 
temperature  explosion  of  the  core  would  require  an  induction  time  of 
some  30  msec  even  if  heat  conduction  is  neglected,  whereas  the  ob¬ 
served  induction  time  was  40  psec.  This  discrepancy  is  too  great  to 
be  explained  by  errors  in  the  values  of  the  various  constants  used  in 
the  computation.  A  first  induction  period  of  40  psec  corresponds  to 
an  initial  core  temperature  of  about  660®K,  hence  to  a  temperature 
rise  due  to  the  discharge  of  about  370®K  rather  than  260®K,  This 
difference  can  be  readily  accounted  for  if  we  take  into  consideration 
the  nonuniformity  of  the  electrical  discharge.  From  the  drop  in 
resistance  of  the  core  during  the  discharge  it  is  clear  that  (at  least 
with  the  RDX-graphite  cores)  the  electrical  process  is  not  simply  an 
ohmic  heating  of  the  solid  core  but  probably  involves  typical  electric 
breakdown  phenomena  such  as  a  multiplicity  of  minute  (on  the  scale  of 
the  core  diameter)  gaseous  conduction  channels.  Thus,  if  in  the  shot 
under  consideration,  these  channels  were  distributed  over  roughly 
70  percent  of  the  core  volume,  the  average  temperature  rise  in  the 
affected  mass  of  RDX-graphite  mixture  would  Indeed  be  about  370 ®K. 

In  Section  A  an  estimate  of  4  joules  was  given  as  the  energy 
required  for  immediate  explosion  of  the  core;  in  view  of  the  non- 
uniformity  of  the  discharge,  a  somewhat  lower  energy  will  generally 
be  sufficient. 
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Since  the  time-scales  of  the  explosions  observed  in  the 
pressed  RDX  strongly  suggest  a  mechanism  dominated  by  thermal  conduc¬ 
tivity,  it  is  worthwhile  to  develop  a  theory  which  may  explain  the 
second  induction  period  on  the  basis  of  a  model  based  on  heat  conduc¬ 
tion  with  a  temperature  dependent  heat  source  provided  by  the  chemical 
reaction.  The  model  must  take  into  account  the  depletion  of  unreacted 
explosive  in  order  to  avoid  a  meaningless  indefinite  rise  in  the  core 
temperature.  Calculations  based  on  such  a  model  are  currently  in 
progress  at  this  Laboratory,  and  will  be  reported  at  a  later  time; 
the  equations  describing  the  model  are  given  in  Reference  2. 

The  experiments  show  that,  with  increasing  energy  input,  the 
second  induction  period  becomes  progressively  shorter;  very  likely,  a 
point  is  eventually  reached  where  detonation  occurs  almost  immediately. 
Below  this  point,  whether  or  not  substantial  explosion  or  detonation 
of  the  main  charge  occurs  will  depend  strongly  on  the  degree  of  con¬ 
finement  . 
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DETONATION  STUDIES  IN  ELECTRIC  AND  MAGNETIC  FIELDS* 


Floyd  E.  Allison 
Carnegie  Institute  of  Technology 
Pittsburgh,  Pennsylvania 


Introduction 


While  investigating  the  behavior  of  sensing  probes  used. to 
obtain  detonation  velocities  by  electronic  methods,  Birk,  Erez, 
Manheimer,  and  Nahmani(l)  studied  the  electrical  conductivity  between 
two  electrodes  placed  in  contact  with  a  detonating  charge.  Fr-Om  their 
work,  they  concluded  that  the  voltage  to  current  ratio  in  the  detona¬ 
tion  zone  was  practically  independent  of  voltage  and  could  be  regarded 
as  an  "ionization  resistance,"  the  value  of  which  decreased  when  the 
area  of  the  electrodes  is  increased  or  the  distance  between  them 
decreased.  Using  0.6  mm  diameter  copper  wir@  electrodes  placed  along 
the  sides  of  a  20  mm  diameter  rod  of  50/50  Pentolite,  they  obtained  a 
voltage  to  current  ratio  of  5*5  ohms.  Because  the  current  did  not 
continue  to  rise  after  1  u  sec,  they  concluded  that  conduction  was 
limited  to  a  zone  about  7  mm  wide  either  because  their  probes  disinte¬ 
grated  or  because  the  explosive  products  contained  a  7  nm  wide  zone  of 
much  higher  conductivity.  Values  of  the  electrical  conductivity  have 
also  been  determined  for  a  number  of  condensed  explosives  by  workers 
at  the  University  of  Utah(^>5),  Typical  values  of  the  resistivity 
reported  by  this  group  range  from  1  to  5  ohm  cm  while  conduction  zone 
widths  (measured  at  the  axis)  range  from  2  to  5  cm.  Recently  experi¬ 
ments  have  been  undertaken  at  the  Ballistic  Research  Laboratories, 
Aberdeen  Proving  GroxmdC^^  and  at  the  Carnegie  Institute  of  Technology 
(CIT)  in  an  effort  to  obtain  additional  information  concerning  the 
conduction  zone. 

Electrical  Resistemce  of  the  Ionized  Zone 

At  CIT,  the  electrical  resistance  of  the  ionized  zone  in 
Composition  B  (P  =  7»7  mm/u  sec)  and  50/50  Pentolite  (D  =  7«^*®i®/M’  sec) 

*This  work  was  performed  under  a  contract  with  the  Ballistic  Research 
Laboratories,  Aberdeen  Proving  Gro\md,  Maryland. 
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has  been  determined  using  the  experimental  arrangement  shown  in  Fig. 

I.  The  polyethylene  insulators  were  a  necessary  paxt  of  an  e:q)ertment 
to  be  described  later  and  were  used  in  this  experiment  in  an  effort  to 
maintain  identical  boundary  conditions.  Within  the  range  of  cxirrents 
vised  in  this  experiment,  the  applied  voltage  is  seen  to  be  a  linear 
function  of  the  current,  the  resistance  of  the  conduction  zone  being 
4.5  ohms  for  Composition  B  eind  5«7  ohms  for  50/50  Pentolite. 

Additional  experiments  were  performed  without  polyethylene  insulators 
using  similar  charges  placed  between  I/16  in.  thick  copper  electrodes. 
For  these  "vinconfined"  charges,  the  resistance  was  found  to  be  6.1 
ohms  in  Composition  B  and  5*8  ohms  in  50/50  Pentolite. 

By  firing  the  charges  in  a  transverse  magnetic  field  as 
shown  in  Pig.  II,  the  ionized  explosive  products,  by  virtue  of  their 
flow  velocity,  will  produce  a  current  in  the  external  load  resistance. 
In  this  experiment  the  polyethylene  sheets  serve  to  insulate  the  deto¬ 
nation  products  from  the  metal  pole  faces  of  the  magnet.  If  the  con¬ 
duction  zone  is  regarded  as  a  MED  generator,  one  can  determine  an  in¬ 
ternal  resistance  for  the  generator  by  observing  the  terminal  volteige 
as  a  function  of  load  resistance.  According  to  the  relation 


the  reciprocal  of  the  terminal  voltage  is  a  linear  function  of  the 
reciprocal  of  the  load  resistance,  whose  intercept  is  the  reciprocal 
of  the  generator  EMF  and  whose  slope  is  the  internal  resistance 
divided  by  the  IMP.  Experimental  results  obtained  from  firing  Con^o- 
sitlon  B  and  Pentolite  charges  in  a  magnetic  field  of  0.28  w/m^  are 
shown  in  Fig.  II,  and  a  summary  of  the  resistance  values  axe  presented 
below. 


"Confined  Charges" 

"Unconflned  Charges' 

Explosives 

E  Field 

B  Field 

E  Field 

■(bhms) 

Xbhms) 

Xbhms) 

Composition  B 

4.5 

4.2 

6.1 

50/50  Pentolite 

5.7 

5.5 

5.8 

Width  of  the  Conduction  Zone 


The  width  of  the  conduction  zone  has  been  estimated  from 
results  obtained  with  the  e^qoerimental  arrangement  shown  in  Fig.  III. 
While  one  cannot  bound  the  conduction  zone  by  a  geometrical  plane 
behind  which  the  conductivity  suddenly  drops  to  zero,  the  major 
portion  of  the  current  is  limited  to  a  region  l/2  to  3/4  inch  wide 
for  Composition  B  and  to  a  slightly  wider  region  for  50/50  Pentolite. 
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Zone  Current,  amperes 


Rgure  I  Experimental  orrangement  and  results  of  tests  performed  to  determine  the  internol  resistance  of 
the  conduction  zone  of  explosive  charges  detonated  in  an  externol  electrical  field.  For  the 
particular  charge  geometry  investigoted  values  of  4.3  ohms  ond  3.7  ohms  were  obtained  for 
Composition  B  (60  RDX/ 40  TNT)  ond  Pentolite,  respectively. 


I/Vt.  volts 
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Figure  IT  Experimental  arrangement  and  results  of  tests  performed  to  determine  the  internal  resistonce  and  electromotive 
force  of  the  conduction  zone  of  explosive  charges  detonoted  in  an  external  magnetic  field.  For  Composition  B 
(60  RDX/40TNT)  values  of  4.2  ohms  and  5,5  volts  were  obtained  for  the  internal  resistance  and  electromotive 
force,  respectively.  Pentolite  charges  of  identical  geometry  yielded  values  of  3,5  ohms  and  4,6  volts. 
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Composition  8  ~  l/H  in,  gap 


Pentoiite  ’*  3/4  in.  gap 


Figure  HI  Experimental  arrangement  and  results  of  tests  performed  in  an  attempt  to  define  the 
effective  width  of  the  conduction  zone  in  detonating  Composition  B  and  Ffentolite. 
Since  the  values  of  applied  voltage  and  load  resistance  used  here  give  rise  to  a  steady 
state  zone  current  of  approximately  13  amperes,  the  oscillograms  indicate  that  the 
high  conduction  region  extends  approximately  1/2.  to  3/4  inches  behind  the  detonation 
front. 
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Although  the  width  of  conduction  zone  for  50/50  Pentolite  is  somewhat 
■voider  than  that  reported  by  the  Israeli  group,  the  difference  in  zone 
width  is  probably  due  to  differences  in  the  degree  of  confinement. 

For  p\irposes  of  estimating  the  order  of  magnitude  of  the  resistivity 
one  might  assume  a  zone  width  of  5/4  in.  for  Composition  B  and  use 
the  relation  R  =  jo  H  /a,  which  leads  to  a  value  of  4.0  ohm  cm  for  p  . 
Thus,  the  order  of  magnitude  for  the  zone  iri.dth  and  the  resistivity 
are  in  reasonable  agreement  with  values  reported  by  the  Utah  group. 

The  EMF  Generated  by  the  Conduction  Zone 


An  estimate  of  the  flow  velocity  associated  with  the  con¬ 
duction  zone  can  be  obtained  from  the  observed  values  of  the  EMF 
produced  by  charges  detonated  in  an  external  magnetic  field.  Assuming 
one -dimensional  flow  the  EMF  will  be  related  to  a  mean  flow  velocity 
by  the  relation 


EMF  =  B  fl  u 


(2) 


where  Si  is  the  distance  between  the  probes  and 


u  = 


(3) 


is  an  average  flow  velocity  weighted  in  favor  of  regions  having 
higher  electrical  conductivity.  In  actual  practice,  one  observes 
the  voltage  Vip  developed  across  a  load  resistance,  which  according  to 
equations  (l)  and  (2)  is  a  linear  function  of  B  whose  slope  is 
JL  u/(l  +  Ri/Rl) •  Experimental  results  obtained  with  Composition  B 
and  5P/50  Pentolite  are  shown  in  Fig.  IV.  These  experimental  results 
indicate  values  of  1.8  mm/p  sec  and  1.2  mra/p  sec  for  u  in  Composition 
E  and  Pentolite,  respectively.  The  use  of  a  l/2  in.  thick  charge  and 
heavier  confinement,  in  an  effort  to  reduce  effects  of  lateral  ex¬ 
pansion,  did  not  significantly  increase  the  measured  mean  particle 
velocity.  Since  these  values  are  significantly  lower  than  the  antici- 
I)ated  C-J  flow  velocity,  the  conduction  zone  evidently  extends  well 
into  the  expansion  region  behind  the  C-J  plane. 


Conclusions 


For  a  given  configuration  of  charge  and  lateral  confinement 
there  is  a  zone  of  ionization  in  the  detonation  products  that  offers 
a  well  defined  resistance  to  the  passage  of  an  electric  current. 
Values  of  the  width  and  resistivity  of  the  conduction  zone  determined 
at  CIT  are  in  reasonable  agreement  with  those  reported  by  other 
workers.  Observed  valvies  of  the  weighted  mean  particle  velocity, 
assviming  one -dimensional  flow,  are  smaller  than  the  anticipated  flow 
velocity  at  the  C-J  plane  indicating  that  the  conduction  zone  extends 
into  the  expansion  region  behind  the  C-J  plane. 
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Terminal  Voltage,  volts 


22 1 


Rgure  IST 


Plots  of  terminal  voltage  as  a  function  of  field  strength  for  explosive  charges  detonated  in  on  external 
mognel  fiTid  0^^  the  above  results  for  the  potential  drop  across  the  zone 

of  22.6  volts  and  14.7  volts  are  obtoined  for  the  electromotive  force  at  I  weber/meterZ  for  Composition  B 
and  Ftentolite,  respectively. 
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ELECTRICAL  MEASIJREMENTS  IN  DETONATING  PENTOLITE  AND  COMPOSITION  B 


R.  L^  Jameson 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Introduction 

The  ability  of  a  detonating  high  explosive  to  conduct  elec¬ 
trical  current  has  been  known  for  many  years.  Early  uses  of  this 
phenomena  are  found  in  the  work  of  Peters (1)  and  Nisewanger  and  Brown^"^^ 
who  applied  this  characteristic  of  the  detonation  to  the  development  of 
explosive  switches.  ,  . 

More  recently  Birk,  Erez,  Manheimer,  and  Nahmani^^^  investigated 
the  electrical  characteristics  of  a  detonation  more  closely.  Their 
work  was  once  again  aimed  at  developing  switches  but  did  include 
measurements  of  electrical  resistance  as  well  as  an  estimate  of  the 
charge  concentration  within  the  conducting  media. 

Cook,  Keyes,  Lee,  and  Pound(^)  applied  a  capacitor  discharge 
method  similar  to  Birk  et  al  to  their  work  in  various  condensed  explo¬ 
sives.  The  Cook  investigation  relates  various  electrical  phenomena  to 
the  "Detonation  head"  theory.  This  investigation,  which  is  the  most 
extensive  published  to  date,  lists  resistivities  for  seven  explosives 
a.n(^  includes  a  discussion  of  various  possible  methods  of  ionization 
within  the  detonation. 

Other  work  is  under  way  in  solid  explosives  at  Carnegie 
Institute  of  Technology' 5)  under  the  direction  of  Dr.  Allison  and  at^^ 
Steven’s  Institute  of  Technology  under  the  direction  of  Dr.  Lukasik 
Soviet  interest  in  this  work  is  reflected  in  an  article  by  Brisk, 

Turasov  and  Tsukermann( T)  in  JETP.  These  authors  used  electrode  and 
electrodeless  techniques  to  measure  resistance,  and  included  an 
analysis  of  the  relation  of  conductivity  to  pressirre  in  their  discussion. 
Investigations  into  the  electrical  natiore  of  Intense  shocks  in  gases 
and  of  gaseous  detonation  have  been  and  are  being  carried  out.  The 
techniques  of  Lin,  Resler  and  Kantrowitz(°J  with  shock  waves  in  argon 
has  become  standard  with  experimenters  dealing  in  the  gaseous  state; 
it  has  been  applied  successfully  to  gaseous  detonation  by  Basu\9j  of 
M.  I.  T  and  Gibson  and  Bowser(lO)  of  Bureau  of  Mines. 

The  work  described  in  this  paper  is  intended  to  be  used  as 
ground  work  for  further  investigation  into  the  electrical  effects  of 
detonation.  Emphasis  has  been  placed  on  the  determination  of  the 
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resistivity  of  the  explosive  products  by  ineas\iri]ag  the  resistance  and 
geometry  of  the  conducting  zone.  Using  these  measurements  and  drawing 
from  the  experience  of  other  investigators,  a  value  of  electron  con¬ 
centration  within  the  conducting  zone  has  been  calculated. 

Theory 


In  a  simple  resistance  sample  of  rectangular  cross  section^ 
width  w  and  height  h,  with  length  1,  the  resistance  R  is  related  to  the 
volume  resistivity,  p,  by  the  e equation 

R=  P  1  •  (1) 

h  w 

The  coefficient  of  p,  l/hw,  is  only  defineable  for  simple  regular  bodies. 
In  the  case  of  a  sample  with  varying  cross  section  the  eq.uation  would 
be  better  stated  as 

R  =  Kp,  (2) 

where  K  is  the  coefficient  of  resistivity,  and  is  considered  to  be  a 
puatrely  geometrical  quantity.  If  K  can  be  found  experimentally,  a  mea¬ 
surement  of  R  can  be  made  to  compute  the  volume  resistivity.  The  reci¬ 
procal  of  volume  resistivity  is  called  the  conductivity: 

(3) 

The  total  conductivity  within  a  material  is  the  sum  of  the  contributions 
from  all  chaxged  particles. 


(4) 

cr  =  nqU 

(5) 

n  is  the  number  of  ions  per  unit  volume,  q  the  charge  of  the  ifioas,  U 
the  mobility  of  the  ions.  If  the  particles  within  the  conductivity 
zone  are  limited  to  electrons  and  positive  ions,  then  the  assumption 
that 


because 


cr= 


cr 

e 


+  or 


pi 


«  cr 


eg 


U  »  U  . ,  is  valid 
e  pi^ 


cr  =  n  U 
e  e 

where  e  is  the  charge  on  the  electron. 


(6) 

(7) 


In  order  to  compute  the  electron  concentration  n  ,  a  value 
for  the  mobility  of  an  electron  must  be  established.  Birk  et  al  used 
relations  found  in  the  work  of  Compton  and  Langmuir,  while  Oook  et  al 
applied  Drude*s  "Elementary  Theory  of  Electronic  Mobility"  .  The  work 
of  Compton  and  Langmuir,  an  application  of  kinetic  theory;  Drude's 
theory,  as  published  in  I9OO,  was  originally  intended  to  apply 
to  electrons  in  metals,  but  the  foim  used  by  Cook  contains  kinetic 
theory  assumptions  and  the  mobility  computed  from  it  is  approximately 
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equal  to  that  computed  from  the  Compton  eq.uation.  The  use  of  kinetic 
theory  at  0.2  megahars  pressure  and  doubtful  conditions  of  eq.uilibrium 
can  only  be  considered  as  an  approximation.  It  must  be  remembered  that 
values  of  molecular  diameter  vised  to  estimate  the  mean  free  path  are 
measured  for  pressures  less  than  one  atmosphere  and,  therefore,  the 
actual  mean  free  path  is  probably  shorter  than  calculated.  With  the 
statement  of  these  limitations  the  ion  concentration  was  calculated 


3*1  ■v^M  E 


from  this  equation 


where  m  is  the  mass  of  the  electron,  id  the  average  mass  of  the  positive 
ion,  E  the  field  Intensity,  and  the  mean  free  path  of  the  electron. 

L  is  estimated  from 

®  L  =  4V2L  {9) 

e 


where  L  is  the  mean  free  path  for  the  gas .  The  determination  of  the 
conductivity  Was  made  by  the  following  experiments. 


1 .  Resistance 

Measurements  of  conductivity  in  shocks  and  deto¬ 
nating  explosives  had  previously  been  made  by  two  general  techniques: 
the  Lin  method,  using  field  and  search  coils;  and  a  simple  capacitor 
discharge  electrode  method .  Although  the  Lin  method  eliminates  the 
interference  of  electrodes,  it  was  prohibitively  expensive  in  the 
present  case  due  to  the  destructive  nature  of  the  experiment.  There¬ 
fore,  an  electrode  technique  was  decided  upon  for  the  experiment. 

In  order  to  eliminate  as  much  of  the  influence  of 
the  electrodes  as, possible  a  method  of  determining  resistivities  from 
several  shots  was  devised.  The  resistance  across  a  charge  was  deter¬ 
mined  by  measurements  made  with  the  circuit  shown  as  Figure  1.  All 
resistance  measurements  were  made  with  electrodes  placed  along  the 
length  of  the  charge  as  shown  in  Figure  2.  In  order  to  confine  the 
conduction  to  the  charge  as  much  as  possible,  each  shot  was  fired  in 
an  atmosphere  of  propane  (Figure  3) •  Propane  has  been  shown  by 
Hauver(l5-)  to  be  many  orders  of  magnitude  less  conducting  than  air 
at  very  high  shock  pressures.  Many  measurements  of  resistance  were 
made  with  this  set-up,  using  various  charge  sizes  and  electrode  widths. 
The  resistances  are  tabulated  in  Table  I 

2.  Geometry  of  Conducting  Zone 

To  determine  the  resistivity  from  equation  2  of 
the  theory  section,  a  value  of  the  coefficient  of  resistivity  bad  to 
be  determined.  A  first  approximation  could  be  made  by  considering 
the  limits  of  K_  -  The  lower  limit  of  K  is  obtained  when  1  is 
A 

equal  to  the  distance  between  the  electrodes  and  A  is  the  product  of 
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Fig,  1  Schematic  diagram  of  resistance 
measurement  equipment 


Fig.  2  -  Electrodes  with  attached  cable  and 
electrode  arrangement  on  charge 
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Fig. 


VOLTMETER 


3  -  Blast  chamber  set-up  of 
test  box  and  charge 
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the  conduction  zone  width  at  the  surface  of  the  charge  and  the  charge 
width;  that  is  to  say,  the  conduction  zone  is  considered  a  slab.  This 
conduction  would  be  true  as  p— OCX. The  upper  limit  of  1  is  obtained 

when  1  is  equal  to  the  distance  between  electrodes  ahl  A  is  the  product 
of  condiiction  zone  width  at  the  surface  and  the  width  of  the  electrode. 
This  condition  would  be  true  for  p— a  The  actual  value  for  K  should 
be  between  these  limits  if  the  zone  geometry  is  a  slab.  In  the  deter¬ 
mination  of  A,  the  zone  width  at  the  surface  was  measured  for  both 
unconfined  and  semiconfined  cases.  Electrodes  were  placed  on  the 
surface  perpendicular  to  the  long  axis  of  the  charge  and  were  directly 
opposing.  Oscilloscope  records  of  these  firings  are  shown  as  Figure  4. 
Using  the  length  of  the  electrodes  in  the  direction  of  detonation  and 
the  detonation  velocity,  values  of  zone  width  can  be  calculated.  The 
length  of  the  conducting  zone  on  the  s\jrface  for  a  semiconfined 
Pentolite  or  Composition  B  charge  was  determined  to  be  1.7mm;  \mcon- 
fined,  the  zone  is  0.2mm  long.  The, limits  of  K  for  semiconfined  charges 
are;  1  =  2.54cm,  K  =  7.9  -  94. lcm“'^( upper  limit  co^uted  width 
narrowest  electrode);  1  =  1.90cm,  K  =  5*9  ■  70.4cm  ;  1  =  1.27cm, 

K  =  4.0  -  47.0cm”‘^.-,  The  limits  of  K  unconfined  are:  ,1  =  2.54cm, 

K  =  66.8  -  798. 7cm"^;  1  =  1.90cm,  K  =  50.0  -  597.5cm  ;  and  1  =  1.27cm; 

K  =  55-^  -  599. ^cm. 


To  further  define  K,  an  experiment  was  performed 
in  which  5.2mm  diameter  brass  electrodes  were  embedded  into  square 
cross  section  charges  as  shown  in  Figure  5-  A  typical  oscillosc'ope 
record  of  these  firings  is  shown  as  Figure  6.  The  duration  of  the 
signal  from  each  electrode  set  was  used  to  calciilate  the  width  of  the 
conduction  zone  at  that  distance  from  the  axis  of  the  charge.  Plots 
of  these  points  are  shown  as  conduction  region  profilefS?  in  Figure  7- 
Conduction  for  this  geometry  is  highest  in  a  pyramidal  region.  Profile 
measurements  were  also  made  in  2.54cm  diameter  confined  charges  with 
the  electrode  arrangement  shown  as  Figure  8.  The  profiles  drawn  from 
the  data  are  shown  as  Figures  9  and  10.  Conduction  for  this  geometry 
is  highest  in  a  conical  region. 

5 .  Resistivity 

A  method  of  calibrating  the  electrodes  was  derived 
from  the  shape  of  the  zone  of  highest  conductivity  determined  by 
the  probes.  Graphite  sheets  with  a  resistivity  of  0.255  ohm-cm  were 
used  to  make  models  of  the  conductivity  zone.  The  electrodes  were 
placed  across  the  sample  in  the  same  manner  as  in  the  explosive  exper¬ 
iment  resistance  measurements  were  made  using  a  Wheatstone  Bridge. 
Knowing  the  resistance  and  the  resistivity,  the  value  of  K  was  cal- 
cvdated .  The  values  of  K  are  tabiilated  in  Table  II . 

With  these  values  of  K,  it  was  now  possible  to 
plot  the  resistance  vs  K  to  determine  the  value  of  the  resistivity 
from  the  slope  of  the  lines .  These  plots  are  shown  in  Figure  11  for 
50/50  Pentolite  (density,  1.6  gm/cc;  detonation  velocity,  7*5  mm/nsec) 
and  in  Figure  12  for  60/40  Composition  B  (density,  1.6  gm/cc  and 
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Fig.  4  -  Surface  electrode  conduction  traces  for  unconfined 
pentolite  (a)  and  semiconfined  penolite  (b)  (one  microsecond 
time  marks) 


A 


ELECTRODE  SETS  A, B  8  C 
CONNECTED  IN  PARALLEL 


Fig.  5  -  Electrode  arrangement  in 
square  cross  section  charge 
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I/q"  dia.  brass  electrodes 


A  ROTATED  60"  FROM,  B  ROTATED  60"  FROM  C 


Fig.  8  -  Electrode  arrangement  in  confined  cylindrical  charges 

for  profile  measurements 


Fig,  9  -  Constant  conductivity  profile  25,4  mm  dia,,  50/50 
pentolite  confined  by  3  mm  polyethylene 
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(OHMS) 


K  (Cr') 


Fig.  11  -  Resistance  vs  geometrical  coefficient  of 
restivity  for  50/50  pentolite 
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K  <CM~') 


Fig.  12  -  Resistance  vs  geometrical  coefficient  of 
resistivity  for  60/40  composition  B 
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Table  II 


Electrode 

Width 

cm. 

Distance  between  electrodes 

cm. 

1:27 

1.90 

2.54 

0.159 

t.55 

5To8 

2:557 

0.518 

5.91 

6.90^ 

7.55* 

0.655 

i^.53 

5.27 

5.98 

*  Fall  outside  theoretical  limits  due  to  the  experimentally  determined 
zone  geometry  deviating  from  idealized  slab. 

detonation  velocity,  7*8  mm/|isec) .  Only  the  O.JlS  cm  electrode  results 
are  plotted  for  Composition  B .  Due  to  the  dispersion  in  the  results 
using  the  0.159  cm  electrodes,  it  was  impossible  to  calculate  a 
significant  slope  from  the  data.  The  dispersion  is  attributed  to  non¬ 
uniformity  of  explosives  due  to  a  change  of  explosive  lots .  An  average 
value  of  the  resistivity  was  calculated  for  50/50  Pentolite  to  be 
0.89  ohm-cm.  The  Composition  B  resistivity  was  calculated  to  be  0.29 
ohm^fCm. 


The  values  of  the  resistivity  were  calculated  from 
data  taJten  with  the  semiconfined  charges.  However,  it  is  believed 
to  be  valid  for  the  unconfined  charges  as  well.  Figure  15  shows  the 
difference  in  voltage  drop  across  semiconfined  and  unconfined  charges. 

The  resistance  of  an  unconfined  charge  is  about  505^  higher  than  that  of 
a  semiconfined  charge.  This  can  be  explained  by  the  difference  in  the 
contact  area  at  the  charge  surface;  thus  the  conduction  cross  section 
is  different  in  each  case.  The  ion  concentration  should  be  the  same 
for  both  conditions. 

^4*.  Ion  Concentration 

From  the  values  of  resistivity  that  have  been 
computed,  it  is  possible  to  form  an  estimate  of  ion  concentration, 
using  equation  8.  The  values  of  n  thus  computed  are:  n  =  1.2  x  10  ^ 
electron/cc  for  Pentolite;  and  n  =  5*6  x  10  ^  electron/cc  for  Com¬ 
position  B  These  calculations  are  based  on  an  assimaption  that  there 
is  only  single  ionization  and  that  electrons  contribute  to  conduction 
very  much  more  than  the  positive ^ions .  The  values  used  in  these 
calculations  were;  e  =  1*6  x  10  coulombs;  L  «  5  x  10  cm;  m  =  9*1  x 
lO"'^  grams;  M  =  4  x  lO""^^  grams;  and  E  =  1  volt/cm. 

The  location  of  the  conduction  zone  with  reference 
to  the  reaction  zone  was  determined  by  a  combination  of  electronic  and 
optical  techniques.  A  Pentolite  charge  was  cast  in  a  manner  that  allowed 
3  mm  diameter  electrodes  to  be  inserted  into  the  charge  directly 
opposing  each  other.  These  electrodes  were  connected  by  RG  58  A/U  coaxial 
cable  to  the  conductivity  test  circuit  and  its  signal  displayed  on  one 
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Fig.  13  -  Conduction  traces 
for  pentolite  semiconfined 
(a)  and  composition  B  with 
unconfined  center  section  (b) 
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channel  of  a  Tektronix  551  dual  team  Oscilloscope,  The  shutter  signal 
of  a  Kerr  Cell  camera  used  to  observe  the  event  was  displayed  on  the 
second  channel  of  the  oscilloscope,  A  box  with  a  saran  window  was 
prepared  the  explosive  charge  placed  in  it.  The  box  was  filled 
with  propane,  as  in  other  conductivity  experiments.  Front  lighting 
for  the  event  was  furnished  by  an  Argon  flash  bomb  •  An  ionization 
switch,  capacitor  trigger  circuit  was  used  to  syncronize  the  camera 
and  trigger  the  oscilloscope.  The  Kerr  Cell  photograph  and  oscilloscope 
record  are  shown  as  Figure  ik.  After  the  correction  for  the  time 
difference  of  conduction  and  picture  is  made  and  correction  for  curvature 
of  the  front,  the  front  of  the  conduction  zone  is  located  at  the  rear 
of  the  reaction  zone. 

Discussion  of  Results 

Resistance  measurements  made  by  this  author  are  generally  in 
agreement  with  those  made  by  other  groups  working  in  similar  phases  of 
the  explosive  conduction  problem.  There  have  been  different  methods 
used  to  calibrate  the  equipment  that  have  led  to  some  differences 
in  the  calculated  resistivities.  Values  of  resistivity  for  Composition 
B  have  been  measured  by  three  groups;  Cook  reported  2.56  ohm-cm;  the 
Soviet  group,  0,2  ohm-cm;  and  this  author,  0.29  ohm-cm, 

o  Ion  concentrations  have  been^geported  by  Cook  to  be  about 

10^^  electron/cc;  Birk  et  al,  about  10^^  electron/cc;  and  this  author, 
about  10^"  electron/cc.  The  difference  arise  from  differences  in 
computing  the  mobility.  However,  the  values  are  only  approximations 
and  can  therefore  be  considered  in  good  agreement. 

There  is  some  disagreement  about  the  location  of  the  conduction 
zone.  Cook  locates  the  conduction  zone  ahead  of  the  Chapman- Jouquet 
plane;  the  Soviet  group,  at  the  detonation  zone;  and  this  author,  at 
the  end  of  the  reaction  zone,  which  could  be  considered  at  the  Chap- 
man-Jox3guet  plane  in  an  ideal  explosive. 

The  shape  of  the  zone  of  high  conduction  seems  to  depend  on 
the  geometry  of  the  explosive  itself.  For  a  square  cross  section  charge, 
the  shape  is  pyramidal  with  a  square  base,  and  for  a  circiilar  cross 
section  charge  the  zone  shape  is  a  cone  with  a  circular  base.  Some 
authors  report  the  decay  of  conduction  traces  to  be  due  to  recombination; 
however,  there  is  evidence  to  support  the  argimient  that  the  high  con¬ 
duction  zone  is  the  zone  of  highest  density  within  the  detonating 
charge  and  that  the  decrease  in  conduction  is  due  mainly  to  the  expan¬ 
sion  in  the  gases  accompanying  the  release  wave  moving  into  the  dense 
gases  from  the  charge  boundaries.  The  Soviets  have  found  the  conduction 
to  be  directly  proportional  to  some  power  of  the  pressxire  and  density. 
This  would  seem  logical,  since  conductivity  is  proportional  to  con¬ 
centration  of  charge  carriers,  which  woiild  be  a  function  of  pressure. 

The  conduction  profiles  computed  from  probe  measurements  have  approx¬ 
imately  the  same  dimensions  as  the  high  density  zone  seen  in  the  radio¬ 
graph  shown  as  Figure  15-  Larger  charges  must  be  fired  to  determine 
the  range  of  conditions  under  which  the  release  wave  is  more  impcrtant 
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Fig.  14  -  Kerr  cell  camera  photograph 
of  pentolite  charge  in  propane  at  time 
of  conduction  (a)  and  oscillograph 
record  of  Kerr  cell  pulse  and  conduc¬ 
tion  pulse  (b) 


Fig.  15  -  Flash  radiograph  of  semiconfined  pentolite 
charge  showing  electrode  position  and  high  density- 
gas  zone 
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than  recomhinatlon. 

Conclusion 


Resistivities  that  have  been  calculated  from  the  resistance 
and  geometry  of  the  conducting  region  agree  quite  closely  with  those 
determined  by  other  authors  using  less  direct  approaches.  The  con¬ 
ducting  zone  in  detonating  explosives  is  bounded  by  the  reaction  zone 
in  the  front  and  the  release  wave  on  the  sides .  In  large  charges 
recombination  is  more  important  in  determining  the  length  of  the  con¬ 
ducting  zone  than  in  the  smaller  charges  used  in’^this  experiment. 
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ON  THE  ELECTRICAL  CONDUCTIVITY  OF  DETONATING  HIGH  EXPLOSIVES* 


Bernard  Hayes 

University  of  California,  Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 


Ordinary  condensed  organic  explosives  are  nearly  perfect  insula¬ 
tors  under  normal  conditions  of  temperature  and  pressure.  This  situa¬ 
tion  changes  drastically  when  their  molecular  structures  are  altered 
either  by  a  strong  shock  or  by  detonation;  and,  consequently,  they  be¬ 
come  highly  conductive.  The  nature  of  the  conduction  process  is  not 
known.  Undoubtedly,  electrons  bear  most  of  the  charge  transferred, 
but  the  motion  of  the  massive  ions  should  not  be  completely  discount¬ 
ed,  If  electronic  conduction  predominates,  there  is  some  justifica¬ 
tion  in  applying  Ohm's  law  and  obtaining  a  conductivity  coefficient 
relating  the  current  density  to  the  electric  field  strength.  However, 
one  should  resist  the  temptation  then  to  assume  collision  cross  sec¬ 
tions  and  temperatures  in  order  to  calculate  electron  concentrations . 

Practical  use  may  be  made  of  the  fact  that  the  high  conductivity 
causes  essentially  100?^  reflection  of  a  microwave  electromagnetic 
field;  and  it  also  allows  one  to  obtain  excellent  time-of-arrival  sig¬ 
nals,  As  an  example  of  the  latter  function  consider  Fig,  1,  For  this 
pin-signal  record  the  explosive  consisted  of  ten  discs  of  Composition 
B  stacked  one  on  top  of  the  other.  Each  disc  was  1  in,  in  diameter 
and  only  0.060  in,  thick.  The  pin  machine  time  marks  on  the  raster 
record  are  ^  psec  apart.  The  next  to  last  foil  was  broken  causing 
the  void  between  the  last  two  signals  on  the  signal  line.  It  is  in¬ 
teresting  to  note  that  before  the  first  signal  was  recorded,  the  sec¬ 
ond  and  third  signals  were  also  progressing  down  the  signal  line.  Be¬ 
fore  discussing  the  details  of  the  circuit  used  to  produce  this  record 
we  shall  first  determine  the  conductivity  to  be  expected  from  deto¬ 
nating  Composition  B  and  the  equivalent  circuit  of  pin  circuits  in 
general. 

One  technique  for  determining  the  conductivity  of  the  reaction 
products  of  a  detonating  high  explosive  is  illustrated  in  Fig,  2,  In 
this  figure  are  shown  the  experimental  arrangement  of  the  explosive 
and  a  coaxial  test  cell.  In  addition  to  containing  a  portion  of  the 


*  Work  done  under  the  auspices  of  the  U,  S,  Atomic  Energy  Commission, 
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Fig,  1,  Fast  Pin-Signal  Record. 


TO  SCOPE 
TRIGGER 


Fig,  2.  Experimental  Conductivity  Setup. 

explosive,  the  test  cell  proper  acts  as  a  high-quality  inductance. 
Also,  for  this  type  of  test  cell  the  conductivity  of  the  explosion 
products  between  the  inner  and  outer  coaxial  copper  cylinders  is  di¬ 
rectly  proportional  to  the  conductance.  Across  the  open  end  of  the 
inductance  is  a  high-quality  capacitor  to  complete  the  series  resis¬ 
tance,  inductance,  capacitance,  ringing  circuit.  The  chief  advan¬ 
tages  of  such  a  system  is  that  the  device  does  not  require  calibra- 
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tion,  it  maintains  a  high  degree  of  symmetry,  and  causes  a  minimum  of 
disturbance  to  the  detonation  products. 

The  interpretation  of  the  experimental  results  is  based  on  the 
premise  that  the  decay  in  the  amplitude  of  oscillations  of  this  ring¬ 
ing  circuit  is  due  to  the  energy  absorbed  in  the  resistive  component, 
which  in  this  case  is  the  explosion  products.  The  resistive  com¬ 
ponent,  however,  is  not  constant,  but  decreases  with  time  as  the  det¬ 
onation  progresses  through  the  test  cell.  Consequently,  the  decay  of 
the  envelope  of  the  oscillations  does  not  fall  exponentially,  but 
rather  is  a  function  of  the  total  resistance  between  the  inner  and 
outer  conductors  of  the  test  cell. 

The  equivalent  series  circuit  and  recording  method  for  the  test 
cell  are  shown  in  Fig.  3,  along  with  the  defining  circuit  equations. 
There  is  an  initial  DC  voltage  present  across  the  capacitor  prior  to 
the  detonation  front  entering  the  test  cell,  is  the  resistance  of 

the  copper  electrodes  while  rs  is  the  resistance  of  the  explosion  pro¬ 
ducts  in  the  test  cell. 


q  *  ^i  dt  -  CV 

LC  ^  +  C(R.  ♦  r-)  ~  ♦  V  -  0 
L  at. 

‘  *  ra)dtjco8  g(t) 

o  “  |2^hut^(ln  V)^ 


TRiOeER 

IN 


Fig,  3,  Circuit  Schematic  and  Defining  Equations, 


A  solution  of  the  homogeneous  differential  voltage  equation  for 
the  voltage  across  the  capacitor  as  a  function  of  time  is  of  the 
form 
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Vc  =  V<jexp|-  ^ 

where  Vq  is  the  initial  voltage  across  the  condenser.  The  exact  ex¬ 
pression  for  g(t)  can  be  written  out,  but  it  is  not  necessary  in  this 
case  to  know  the  function  since  the  recorded  v/aveform  is  measured  at 
the  peaks  of  the  periodic  waveform  v/here  the  function  cos  g(t)  equals 
approximately  one. 

By  neglecting  the  resistance  of  the  copper  electrodes  in  compari¬ 
son  to  the  resistance  of  the  explosion  products  it  can  be  shown  that 
the  conductivity  becomes 


where  p  is  the  permeability  of  the  copper,  h  is  the  height  of  the  co¬ 
axial  cylinders,  u  is  the  detonation  velocity  of  the  wave  enter¬ 
ing  the  test  cell  and  V  is  the  ratio  of  the  initial  voltage  on  the 
condenser  to  the  voltage  at  the  peaks  at  the  time  t.  Thus  the  conduc¬ 
tivity  is  seen  to  be  inversely  proportional  to  the  slope  of  the  loga¬ 
rithmic  decrement  and  the  time.  Information  on  these  latter  two  vari¬ 
ables  is  obtained  from  the  experimental  recoitl. 

The  cathode  follower,  in  addition  to  maintaining  an  initial 
charge  on  the  condenser  prior  to  detonation,  also  acts  as  an  impedance 
transformer  between  the  high-impedance  oscillatory  circuit  and  the 
terminated  signal  cable.  Furthermore,  the  cathode  follower  must  be 
especially  designed  to  operate  as  a  linear  device  since  it  must  not 
introduce  any  amplitude  distortion.  The  gain  of  the  device  is  not  im¬ 
portant  since  voltage  ratios  are  ultimately  desired, 

A  typical  voltage  v^/aveform  is  shown  in  Fig.  4,  The  waveform  at 


Fig,  4.  Recorded  Experimental  Vifaveform. 

the  nodes  has  been  intensified  somev^hat  for  reproduction  purposes. 
However,  measurements  are  made  only  at  the  peaks  of  the  waveform  and 
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these  points  are  quite  distinct.  The  timing  marks  for  this  record  are 
made  from  a  20-megacycle  pulsed  oscillator.  The  total  sweep  length  is 
one  microsecond,  and  is  close  to  the  maximum  attainable  for  single¬ 
shot  photography  utilizing  our  present  equipment.  Higher  operating 
frequencies  are  desirable  for  greater  resolution  as  v;e  shall  shortly 
see. 

The  conductivity  profile  for  Composition  B  as  deteimined  from  the 
preceding  analysis  is  shown  in  Fig,  5  for  two  different  operating  fre¬ 
quencies.  (2)  Although  the  frequency  of  operation  of  the  test  cell  is 


Fig.  5,  Composition  B  Conductivity  Profile, 

not  explicit  in  the  expression  for  the  conductivity,  the  frequency  of 
operation  is  primarily  determined  by  the  choice  of  the  inductance  and 
capacitance.  Resolution  is  determined  by  the  time  to  reach  the  first 
nodal  point.  If  the  frequency  is  low  the  details  near  the  detonation 
front  are  obscured.  For  the  top  curve  in  Fig,  5,  the  operating  fre¬ 
quency  was  approximately  10  megacycles.  The  height  of  the  test  cell 
was  only  2  in,  and  the  capacitance  was  30,000  pico  farad.  The  time 
between  the  peaks  of  the  periodic  waveform  was  about  5  shakes,  and 
this  time  is  not  sufficient  to  resolve  the  shape  of  the  curve  near 
the  detonation  front.  The  resolution  for  the  bottom  curve  was  about 
2g-  shakes  and  consequently  is  sufficient  to  determine  that  a  peak  in 
the  conductivity  occurs  between  5  and  10  shakes.  No  claim  is  made  as 
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to  the  absolute  accuracy  of  these  curves;  but  they  do  show  the  order 
of  magnitude  and  the  approximate  shape  of  the  conductivity  profile. 

In  particular,  no  account  has  been  taken  of  the  motion  of  the 
electrodes.  It  is  true  that  the  electrodes  do  not  have  the  same  mo¬ 
tion  as  a  flat  plate  would,  and  therefore,  a  full  correction  does  not 
apply.  Calculation  suggests  that  about  a  6%  reduction  in  detonation 
velocity  would  account  for  electrode  motion.  Also,  the  effect  of 
rarefactions  and  the  cooling  of  the  explosion  products  by  the  copper 
electrodes  has  not  been  assessed.  These  latter  two  effects  may  ac¬ 
count  for  the  rapid  decrease  in  conductivity  behind  the  reaction  zone. 
These  disadvantages  are  inherent  to  one  degree  or  another  in  any  meas¬ 
urement  system,  but  it  appears  that  the  advantages  of  this  test-cell 
arrangement  outweigh  the  disadvantages.  Conductivity  measurements  on 
explosives  other  than  Composition  B  have  not  been  carried  out  because 
it  is  our  feeling  that  the  qualitative  behavior  of  other  explosives 
will  be  very  similar  to  that  for  Composition  B.  Instead,  this  present 
knowledge  of  the  conductivity  profile  has  been  used  in  designing  pin 
circuits  for  fast  breaks  and  good  response. 

For  example,  a  pin  circuit(3/  may  be  represented  schematically  by 
the  diagram  in  Fig.  6.  Here  the  impedance  Z  is  the  input  impedance  of 


Circuit  Response 
.11 


Damped  Response  when 


z!c 

4L 


>1  T=^ 


Fig.  6.  Pin  Circuit  and  Design  Equations. 

a  properly  terminated  signal  cable,  and  the  inductance  L  is  the  self 
inductance  of  the  wires  leading  to  the  pins,  while  C  is  the  charge 
storage  capacitor.  The  inductance  of  a  tenth  of  a  microhenry  or  so 
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of  a  foot  of  wire  is  sufficient  to  cause  ringing  if  the  circuit  is  not 
properly  damped.  The  resistance  of  the  reaction  products  can  be  con¬ 
sidered  small  compared  to  the  cable  impedance  when  close-spaced  pin 
pairs  are  employed#  The  geometry  of  the  pin  foils  is  quite  important 
in  order  to  achieve  a  small  resistance  from  a  small  conductivity#  It 
may  be  readily  shov/n  that  the  voltage  across  the  input  to  the  cable 
may  be  written 


Vj  =  V(,  ■  -  sinlij-^7z2c/4i  -  ij 

This  expression  results  in  three  possible  modes  of  operation, 
namely,  oscillatory,  critically  damped,  and  overdamped.  For  proper 
pin  circuit  response  it  is  desirable  to  operate  in  the  overdamped 
mode#  This  means  that  the  term  Z%/4L  must  be  greater  than  one# 

The  rate  of  rise  of  the  initial  signal  may  be  obtained  by  setting 
the  derivative  of  the  voltage  with  respect  to  time  equal  to  zero  and 
solving  for  the  time  to  the  peak  of  the  response  waveform.  When  this 
is  done  it  may  be  shown  that  a  first  approximation  leads  to 

t  =  2L/Z 

This  means  that  the  rise  time  is  directly  proportional  to  the  amount 
of  inductance  in  the  circuit  leads#  Incidentally,  a  rule  of  thumb  for 
the  peak  voltage  amplitude  under  these  conditions  is  that  the  maximum 
voltage  will  be  about  7b%  of  the  initial  voltage  across  the  condenser# 
As  an  illustration  of  the  effect  of  lead  inductance  on  the  cir¬ 
cuit  response.  Fig#  7  is  a  photograph  of  tv/o  rate-stick  shots  where 


Fig.  7#  Underdamped  and  Overdamped  Pin-Signal  Waveforms# 


145 


Hayes 


the  only  difference  is  the  length  of  wire  leading  to  the  pins*  In  the 
left  photograph  the  waveform  is  seen  to  be  oscillatory  and  does  not 
exhibit  sharp  breaks.  For  the  photograph  on  the  right  the  circuit  is 
damped  by  using  shorter  leads  and  a  distinct  improvement  in  the  lead¬ 
ing  edge  may  be  seen.  The  pin  and  mixer  arrangement  used  to  obtain 
these  waveforms  is  shown  in  Fig.  8.  As  many  circuits  as  areneces- 
sary  may  be  added  since  the  diodes  isolate  the  inactive  circuits  from 
the  cable. 


COAX 


Fig.  8.  Pin  Circuit  and  Signal  Mixer. 

Turning  now  to  the  problem  encountered  at  microwave  frequencies, 
a  somewhat  different  technique  than  the  one  previously  employed  must 
be  used  since  the  period  of  oscillation  of  the  electric  field  is  ex¬ 
ceedingly  short.  In  this  region  of  the  electromagnetic  spectrum  the 
interference  waveform between  the  incident  and  reflected  waves  may 
be  analyzed  to  determine  the  electrical  properties  of  the  reaction 
products  only  when  the  reaction  products  may  be  considered  homogeneous 
and  when  the  density  of  these  products  is  sufficiently  low  that  the 
dielectric  constant  of  the  reaction  products  can  be  considered  to  have 
a  value  of  one.  A  cursory  examination  of  Maxwell's  second  field  equa¬ 
tion  will  show  that  one  cannot  distinguish  between  a  change  in  the 
complex  dielectric  constant  and  a  change  in  the  electron  concentra¬ 
tion,  since  a  change  in  either  one  affects  the  reflection  coefficient 
or  transmission  coefficient  in  exactly  the  same  manner.  Furthermore, 
at  the  presently  usable  microwave  frequencies,  nearly  100%  reflection 
of  an  incident  electromagnetic  wave  can  be  expected. 

This  does  not  imply  that  microwaves  cannot  be  useful  as  a  diag¬ 
nostic  tool  in  explosives  research.  On  the  contrary,  much  use  can  be 
made  of  this  fact.  The  next  two  figures  will  illustrate  the  point. 

Figure  9  shows  a  microwave  interferometer  waveform  obtained  from 
detonating  24-mesh  spherical-grain  TNT  in  a  2-in,  ID  brass  tube,  30 
in,  long.  The  timing  marks  are  separated  by  1  |tsec  and  the  nodes  at 
the  voltage  minima  (horizontal  line)  represent  the  location  along  the 
circular  waveguide  where  impedance  minima  exist.  The  fact  that  the 
voltage  at  a  minimum  is  essentially  zero  means  that  the  conductivity 
of  the  detonation  front  is  quite  high.  The  time  differences  between 
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Fig.  9.  Microv/ave  Interferometer  Waveform. 

nodes  are  inversely  proportional  to  the  velocity  of  the  front  since 
the  space  separation  of  the  nodes  is  fixed  by  the  waveguide  wave¬ 
length.  The  resolution  which  can  be  achieved  is  limited  only  by  the 
operating  frequency  and  technical  limitations  which  are  too  compli¬ 
cated  to  go  into  here. 

Another  interesting  shot  which  depends  on  the  high  conductivity 
of  the  explosion  products  to  reflect  back  the  incident  microwave  ener¬ 
gy  is  shown  in  Fig.  10,  In  this  figure  are  shown  the  experimental  ar¬ 
rangement  of  the  explosive  and  the  test  equipment  used  to  obtain  the 
interferometer  waveform.  The  purpose  of  this  experiment  was  to  ob¬ 
serve  standoff  initiation  and  to  follow  the  detonation  front  as  it 
traveled  through  the  explosive  and  the  shock  front  as  it  traveled  a- 
cross  an  air  gap  into  the  next  piece  of  explosive.  Furthermore,  it 
was  desired  to  note  the  effects  of  increased  charge  separation  on  the 
initiation  of  the  explosive. 

The  explosive  used  was  a  plastic-bonded  one  in  a  6-ft.  long, 

3-in,  diameter  brass  tube.  The  explosive  cylinders  were  5  in,  high 
and  separated  from  one  another  by  one,  three,  and  five  charge  dia¬ 
meters,  respectively.  The  particular  operating  frequency  was  so  cho¬ 
sen  that  the  unreacted  explosive  was  reflectionless  in  addition  to 
being  transparent.  Consequently,  only  the  moving  detonation  or  shock 
front  influences  the  v;aveform. 

The  first  charge  was  initiated  high  order  from  a  plane  wave  lensj 
and  the  detonation  front  proceeded  through  this  charge  and  emerged 
out  into  the  air  space  between  the  first  and  second  charge.  The 
shock  wave  progressed  across  the  air  space  and  into  the  second  charge. 
There  appears  to  be  very  little  if  any  delay  before  the  second  charge 
detonates  at  high  order.  However,  this  is  not  the  case  for  the  third 
charge.  The  change  in  slope  of  the  interference  waveform  is  indica¬ 
tive  of  a  slow  shock  wave  entering  the  explosive.  But,  the  charge 
eventually  goes  high  order.  However,  when  the  shock  emerges  from  the 
front  of  the  charge  it  is  no  longer  plane  as  indicated  by  the  genera¬ 
tion  of  a  lower-order  microv/ave  mode  generated  by  a  non-planar  shock 
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front.  This  condition  is  greatly  exaggerated  in  the  fourth  charge  as 
evidenced  by  the  increase  in  interference  generated  by  the  asymmetric 
detonation# 


Fig.  10.  standoff  Initiation  of  a  Plastic-Bonded  Explosive. 

These  last  two  records  were  included  as  further  evidence  of  the 
high  conductivity  of  a  detonation  and  to  point  out  that  although  mi¬ 
crowave  conductivity  experiments  are  not  feasible,  microwaves  can  be 
a  useful  diagnostic  tool. 
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ABSTRACT 

Conductance-distance  (or  time)  curves  measured  by  both  the 
"parallel"  and  "perpendicular"  probe  methods  in  receptors  of  the 
modified  card-gap  or  "SPHF  plate"  method  are  presented  and  com¬ 
pared  with  corresponding  pressure-distance  curves  obtained  by  the 
new  aquarium  method.  Results  show  that  the  initiation  of  deto¬ 
nation  by  shock  correlates  directly  with  an  ionization  pulse 
observed  to  propagate  in  the  predetonation  regime. 

By  the  use  of  high  shock  impedance  end  plates  on  short 
receptor  charges  and  double-donor  systems  on  longer  receptors, 
causing  powerful  shock  reflections  and  interactions  during  the 
initiation  of  detonation,  it  is  shown  that  ionization  is  the 
major  factor  in  the  initiation  of  detonation,  although  the  shock 
wave  is  also  a  factor  of  importance.  The  great  importance  of 
ionization  is  seen  by  the  fact  that  the  initiation  time  lag  and 
position  X  of  the  initiation  process  in  the  receptor  are  determined 
by  the  coincidence  of  the  ionization  pulse  and  the  shock  wave. 
Detonation  does  not  occur  until  this  coincidence  is  established. 

As  a  result  the  time  lag  t  is,  in  general,  independent  of  shock 
Intensity,  reflections  and/or  interactions.  Ionization  is  thus 
seen  to  be  a  fundamental  criterion  of  detonation  in  condensed 
explosives. 


*The  electrical  probe  and  shock  pressure  studies  described  in 
this  article  were  carried  out  under  U.S.  Air  Force  Contract  No. 
AF-18(603) -100,  and  the  shock  reflection  and  interaction  studies 
under  Bureau  of  Ordnance  Contract  NOrd-17371. 
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Introduction 


Although  the  details  governing  the  initiation  of  high  explosives 
by  shock  are  not  yet  completely  understood  the  most  widely  held 
mechanism  is  that  of  Kistiakowsky^^^  which  has  been  described  also 
by  Jacobs, and  by  Groocock  and  Griffiths.'^'  The  latter  described 
this  mechanism  as  follows:  "Entry  of  an  intense  shock  wave  into  a 
receptor  charge  raises  the  temperature  and  pressure  of  the  explosive* 
This  causes  the  explosive  to  decompose  exothermally  and,  if  the  rate 
of  reaction  is  sufficiently  high,  more  energy  is  fed  into  the  shock 
wave  than  is  lost  by  dissipative  processes.  The  shock  wave,  which 
already  has  a  very  high  velocity,  is  accelerated  and  its  amplitude 
is  increased  causing  a  further  acceleration  of  the  reaction  rate. 
There  is  thus  a  smooth  conversion  of  a  shock  wave  into  a  detonation 
wave,  i.e.,  into  a  self-sustaining,  shock -propagated  reaction 
governed  by  hydrodynamic  laws."  The  explanation  of  the  process 
maintained  by  this  laboratory,  however,  is  that,  while  the  influence 
of  the  factors  of  initial  heating  and  shock  reinforcement  are  not 
denied,  a  more  essential  factor  is  that  detonation  is  a  process 
associated  with  high  ionization  and  heat -conduction, and  that 
these  factors  play  a  determining  role.  Indeed,  it  is  here  maintained 
that  detonations  in  condensed  explosives  are  characterized  by  the 
fact  that  their  reaction  zones  are  highly  ionized  even  to  the  extent 
that  they  may  be  described  as  "dilute  plasmas."  It  has  been  sug¬ 
gested,  in  fact,  that  initiation  can  occur  only  when  the  total 
enthalpy  at  the  front  of  the  reaction  zone  becomes  approximately 
equal  to  the  heat  of  reaction  Q  plus  the  Hugionot  energy  <l>,  that  is, 
where  the  enthalpy  H  =*  Q  +  0.  This  is  made  possible  by  transport 
of  enthalpy  from  regions  behind  to  the  front  of  the  wave.  This 
enthalpy  transport,  in  fact,  requires  abnormally  high  heat  conduc¬ 
tivity  which  is  made  possible  by  the  large  concentration  of 
electrons  existing  in  the  ionized  reaction  zone,  or  the  internal 
detonation^generated  plasma  first  recognized  as  such  by  Cook,  Keyes 

Cook,  Pack  and  Gey  found  considerable  evidence  for  this 
"plasma"  mechanism  of  detonation  in  their  studies  of  the  transition 
from  deflagration  to  detonation  by  means  of  high  speed  color 
photography . The  discovery  by  Cook,  Pack  and  Gey  of  the 
detonation-generated  external  plasmas,  namely  the  brilliant, 
detonation-generated,  dilute  plasmas  emitted  from  free  surfaces  of 
high  explosives,  constituted,  we  believe,  a  major  development  in 
the  theory  of  detonation.  The  key  to  the  formation  of  these 
plasmas  was  given  by  Cook  and  McEwan  in  their  quasi -metal lie 
lattice  model  of  high  density  plasmas. In  this  model  one  may 
readily  see  how  explosives  (and  other  dielectrics  for  that  matter) 
may  be  converted  to  plasmas  (inder  the  influence  of  pressures  and 
temperatures  in  the  range  of  those  encountered  in  the  detonation 
of  high  explosives) with  low  activation  energy  from  the  normal 
localized  states  of  dielectrics  to  the  collective  electronic  states 
of  dilute  (one  or  two  electrons  per  molecule)  plasmas*  The. 
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quasi-metallic  model  of  the  reaction  zone  of  detonation  has  been 
subjected  to  considerable  experimental  investigation.  The  model, 
in  fact,  seems  to  explain  very  well  the  observed  properties  of  the 
internal  and  external  plasmas  existing  in  the  detonation  of  high 
explosives.  The  external  detonation-generated  plasmas  have  been 
discussed  in  detail  by  Cook,  Keyes  and  Udy, who  employed 
electrical  conduction  measurements  to  elucidate  their  electronic 
character.  It  Is  a  fact  that  the  external  plasmas  are  generated  only 
at  the  free  surfaces  of  condensed  high  explosives. 

Other  contributions  to  this  mechanism  are  the  studies  of  the 
shock  initiation  process  using  the  modified  card  gap  or  SPHF  method 
by  Cook,  Pack,  Cosner  and  Gey, and  the  recent  development  in 
this  laboratory  of  an  accurate  method  for  the  measurement  of 
pressures  in  detonation  and  shock  waves  by  means  of  a  new  "aquarium” 
method.  This  method  is  described  in  a  recent  paper  by  Cook,  Pack 
and  Me  Ewan.  (12)  The  aquarium  method  was  employed  by  Cook  and  Udy 
to  provide  an  absolute  calibration  in  direct  pressure  units  of  the 
card-gap  test  for  monopropellants . This  work  contributed  a 
great  deal  to  an  understanding  of  the  shock  generator  systems  of 
the  card  gap  and  the  modified  card  gap  systems. 

More  recently  the  Bureau  of  Mines  has  undertaken  to  investigate 
the  detonation-generated  plasmas  by  means  of  the  high  speed  framing 
camera  and  so  far  have  verified  that  the  plasma  is  not  simply  a 
shock  wave  propagated  into  the  surrounding  gaseous  medium,  although 
these  investigators  have  questioned  the  plasma  character  of  these 
highly  luminous  clouds  emitted  from  the  free  surfaces  of  high 
explosives . 

It  is  the  purpose  of  this  paper  to  present  still  further 
evidence  to  aid  in  the  differentiation  of  the  shock  and  heat  con¬ 
duction  mechanisms.  For  this  purpose,  direct  comparisons  of  the 
pressure  in  the  shock  wave  prior  to  and  at  the  moment  of  initiation 
of  detonation,  as  measured  in  the  new  aquarium  methoc^  with  electrical 
conduction  during  the  same  stages  of  the  shock  initiation  of  deto¬ 
nation  in  the  receptor  of  the  modified  card-gap  or  SPHF  plate 
methods,  are  developed.  Also  observations  of  the  t(S2)  relations 
under  conditions  of  shock  interactions  and  reflections  at  the  ends 
of  short  receptors  are  used  to  show  the  relative  importance  of 
shock  pressures  and  shock  interactions. 

Experimental 

The  experimental  observations  of  ionization  and  pressure  were 
made  by  means  of  the  rotating  mirror  streak  camera  in  conjunction 
with  pin  techniques  similar  to  those  used  in  the  measurements  of 
conduction  in  the  external  detonation -generated  plasmas. Both 
parallel  and  perpendicular  probe  techniques  were  used.  However, 
instead  of  being  supported  by  a  constraining  tube  as  described  in 
Ref.  10,  the  probes  were  assembled  and  the  Composition  B  explosive 
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cast  into  the  assembly,  thus  insuring  good  contact  between  the  probe 
surface  and  the  explosive.  Since  the  cast  explosive  gives  the  probe 
support,  small  piano  wires  were  substituted  for  the  larger,  stiffer, 
copper -coated  steel  probes  used  in  the  studies  of  Ref.  10.  The 
circuit  diagram  shown  in  Fig.  1  was  used  in  these  tests  with  the  only 
modification  being  the  value  of  the  resistance  r^ .  The  conduction 
trace  was  observed  with  either  a  Tektronix  Type  545  or  a  Tektronix 
Type  533  oscilloscope.  The  oscilloscope  traces  were  recorded  with 
either  a  Beattie -Coleman  oscilloscope  camera  with  a  roll -film  adapter 
or  with  an  Edgerton-Germeshausen  and  Grier  oscilloscope  camera  on  a 
4”  X  5"  plate  film. 

The  modified  card-gap  type  assembly  was  used  with  glass  or 
lucite  as  the  medium  between  the  donor  and  the  receptor  charges. 

By  virtue  of  the  transparency  of  glass  and  lucite  the  shock  could 
be  observed  as  it  moved  through  the  SPHF  plate  by  backlighting  with 
a  high  explosive  flashbomb  in  a  manner  analogous  to  that  used  in  the 
card-gap  calibration  test  of  Ref.  13.  The  donor  charges  used 
throughout  were  5  cm  (d)  x  20  cm  (L)  cast  Composition  B.  The 
receptor  charges  were  also  made  of  cast  Composition  B  of  5  cm  (d) ; 
however,  the  charge  lengths  were  varied  depending  on  the  particular 
parameter  being  considered.  The  aquarium  setup  used  in  the  pressure 
determinations  is  illustrated  in  Fig.  2a  and  b.  The  setup  of 
Fig.  2b  is  a  modification  of  the  aquarium  technique  in  which  the 
aquarium  was  replaced  by  5  cm  (d)  piece  of  transparent  lucite  rod 
approximately  2*5  cm  long.  To  transform  the  resulting  shock 
velocities  into  pressure  measurements  the  lucite  rod  was  calibrated 
by  the  aquarium  technique  to  obtain  the  necessary  p(V)  calibration 
data.  (The  techniques  involved  and  the  actual  calibration  curves 
are  presented  in  the  paper  by  Cook,  Keyes  and  Ursenbach  -  this 
symposium.) 

In  order  to  correlate  the  pressure  measurements  with  the 
conduction  data,  perpendicular  probe  measurements  were  made 
simultaneously  with  the  pressure  measurements  on  the  same  charge  as 
indicated  in  Figs.  2a  and  b.  The  probes  were  placed  0.5  cm  from 
the  end  of  the  receptor  charge  immersed  in  the  aquarium  with  care 
being  taken  that  the  probes  were  not  wet  by  the  water  in  the  case 
of  the  assembly  of  Fig.  2a.  The  donor  charge  was  then  fired  and 
the  resulting  shock  waves  through  the  SPHF  plate  and  the  aquarium 
or  lucite  rod  were  recorded  by  the  streak  camera  and  the  conduction 
across  the  perpendicular  probes  was  recorded  by  the  oscillograph 
camera.  The  oscillograph  was  triggered  in  all  cases  by  the  deto¬ 
nation  wave  of  the  donor  charge  completing  a  circuit  between  two 
fine  copper  wires  placed  in  a  small  V-notch  filed  in  the  end  of  the 
donor  charge  against  the  SPHF  barrier. 
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Fig.  2:  Experimental  setup  used  to  determine  pressure- 

distance  and  conduction -distance  curves  simultaneously 
(a)  Aquarium  method,  (b)  lucite  method. 
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R e sui ts  and  Discussion 


Parallel  probe  measurements  of  conduction 

Fig.  3  shows  five  traces  from  typical  parallel  probe  shots  near 
the  sensitiveness  limit,  i.e.,  using  SPHF  barriers  of  glass  with 
relative  thickness  Sj^/S*  between  0.9  and  1.05.  The  parallel  probe 
method  integrates  all  conduction  along  the  length  of  the  receptor 
charge.  The  perpendicular  probe  system  gives  directly  "point” 
conductance.  Significant  information  is  obtained  by  careful 
correlation  of  results  of  the  parallel  and  perpendicular  probe 
measurements.  In  the  results  of  Fig.  3  the  probes  were  separated 
0.5  cm  and  ran  the  entire  length  of  the  receptor  charge.  The 
sweep  was  5  ^sec/cm,  and  the  gain  adjusted  to  5  volts/ cm  with  a 
battery  voltage  of  +  20.2  volts  and  a  resistance  r^^  -  12.0  ohms. 

First,  it  may  be  noted  that  the  relative  magnitude  of  the 
conductance  in  the  receptor  (conduction  being  proportional  to  the 
height  of  the  voltage  rise)  was  found  to  decrease  sharply  with 
small  increases  of  length  of  the  SPHF  plate  near  the  sensitive¬ 
ness  limit.  Since  all  initiating  waves  were  generated  by  identical 
donors  the  initial  shock  pressures  in  the  SPHF  plates  were  equal. 
However,  the  thickness  S^^  varied  enough  in  the  different  examples 
shown  in  Fig.  3  to  allow  slightly  different  degrees  of  shock 
attenuation  before  entering  the  receptor.  It  is  interesting  to 
observe  such  large  variations  in  the  integrated  conduction  with 
such  small  variations  in  S-,  near  the  sensitiveness  limit,  i.e.,  as 
approaches  S*.  At  smalt  values  of  S,  the  total  (integrated) 
conduction  increased  with  the  time  in  the  interval  T  between 
entrance  of  the  shock  into  the  receptor  and  initiation  of  deto¬ 
nation  as  in  Fig.  3a.  However,  we  usually  observed  a  slight 
inflection  i^  the  rise  portion  as  in  Fig.  3a.  Hear  the  sensitive¬ 
ness  limit  Sp  however,  the  trace  separated  into  two  separate 
regions,  the  first  having  a  maximum,  followed  by  decay,  and  the 
second  having  a  sharp  increase  in  ionization  when  detonation  was 
initiated  (see  Fig.  3b -d).  Above  the  second  rise  portion 
corresponding  to  detonation  was,  of  course,  absent  (see  Fig.  3e) . 

Since  the  maximum  or  the  inflection  point  in  the  conduction 
curve  generally  increases  with  an  increasing  shock  Intensity,  it 
is  evident  from  the  traces  of  Fig.  3  that  the  shock  intensity  must 
actually  be  decaying  as  the  shock  wave  moves  down  the  receptor 
charge  in  those  cases  which  exhibit  a  maximum,  namely  those  where 
approaches  the  sensitiveness  limit. 

The  relative  times  between  the  peak  of  the  conduction  pulse 
and  the  initiation  of  detonation  as  recorded  in  traces  b,  c  and 
d  of  Fig.  3  were  found  to  be  1.9  I^sec,  4.4  |Jisec,  and  8.9  |isec, 
respectively^^  These  rapidly  growing  time  differences  as 
approached  Si  are  associated  with  a  complicated  balance  between 
total  induction  time  T,  rate  of  chemical  reaction  in  the  deflagration 
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stage  prior  to  the  DDT,  the  tendency  for  decay  of  the  shock  during 
the  interval  before  the  final  sudden  transition  from  deflagration 
to  detonation,  or  the  DDT,  especially  near  the  sensitiveness  limit, 
and  the  influence  of  (slight)  differences  in  initial  shock  intensity 
on  most  of  these  factors,  particularly  the  rate  of  chemical  reaction, 
at  the  sensitiveness  limit-  Since  these  significant  differences,  as 
well  as  the  separation  of  the  inflection  into  a  maximum  point  and 
a  decay  correspond  so  closely  to  the  sensitiveness  limit  it  is 
obvious  that  they  provide  an  accurate  criterion  of  the  approach  to 
the  sensitiveness  limit,  and  that  therefore  ionization  is  a 
fundamental  factor  in  the  initiation  of  detonation. 


Perpendicular  probe  measurements  of  conductance  at  X 

>  So. 


1.0  and 


Pig,  4  shows  five  representative  traces  obtained  by  the 
perpendicular  probe  method  with  probes  placed  in  the  receptor 
1.0  cm  from  the  SPHF  plate -receptor  interface.  Table  I  summarizes 
results  obtained  in  this  arrangement  including  those  obtained  from 
streak  camera  traces  of  the  DDT  recorded  simultaneously  with  the 
probe  measurements  by  focusing  the  slit  and  observing  the  charge  in 
air  along  the  longitudinal  axis  as  in  Ref.  11,  no  pressure  measure¬ 
ments  being  made  in  this  series.  The  ionization  traces  showed 
either  two  or  three  peaks  when  detonations  occurred  and  only  one 
when  failure  occurred.  The  first  peak  occurred  7.0  to  8.2  p.sec 
after  the  shock  entered  the  receptor.  The  beginning  of  the  rise, 
however,  appeared  3.4  +  0.2  psec  after  the  shock  entered  the 
receptor.  Since  the  initiation  wave  travels  2.9  cm/sec '•  ^  the 

rise  time  to  the  first  peak  ranged  from  3.3  to  4.8  psec.  It  is 
believed  that  this  situation  reflects  both  the  shape  of  the  pressure 
profile  in  the  wave  emerging  from  the  glass  SPHF  plate  associated 
with  the  propagation  of  a  plastic  wave  at  a  lower  velocity  than  an 
elastic  wave  in  glass  at  the  intensities  in  question'>^‘*‘'  and  to  the 
influence  of  chemical  reaction.  At  small  values  of  Sj^  the  chemical 
reaction  effect  is  more  pronounced  than  at  large  Sj^  but  is  probably 
never  absent  except  at  Sj^  >  S^^. 


Since  detonation  started  at  a  distance  S2-I  cm  from  the 
probe,  the  return  of  the  detonation  to  the  probes  or  the  peak 
of  the  second  ionization  pulse  occurred  at  the  time  t^,  given  by 
T  +  (S,-1)/D'  +  rise  time, as  measured  from  entrance  of  the 
initiating  wave  into  the  receptor,  D'  being  the  velocity  of  the 
rearward  detonation.  This  rearward  velocity  has  been  observed  on 
the  streak  camera  to  be  about  7  km/sec.  The  calculated  T  s  given 
in  Table  I  were  based  on  these  relations.  One  expects^T  to 
agree  with  T  only  when  S,  is  sufficiently  lower  than  S^  that 
detonation  initiates  uniformly  across  the  entire  surface  of  the 
DDT.  As  S-.  approaches  S^  initiation  may  occur  only  in  the  most 
favorable  position,  namely  near  the  axis  of  the  charge.  Under 
this  condition  x'-T  would  be  about  3.2  Psec.  The  maximum  observed 
difference  was  only  2.0  psec  and  the  minimum  close  to  zero. 
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It  is  interesting  to  note  that  the  rise  time  from  the  point  on  the 
first  ionization  pulse,  where  the  ionization  began  to  increase,  to 
the  second  peak  amounted  to  !•!  +  0.25  |J-sec.  This  prestamably  reflects 
the  actual  rise  time  of  the  ionization  in  the  rearward  detonation 
wave. 


The  third  pulse  is  evidently  associated  with  reflection  from 
the  disintegrating,  but  still  intact,  SPHF  plate. 

The  perpendicular  probe  method  with  probes  at  X  »  1.0  cm  was 
originally  designed  to  record  the  "flash-across"  observed  in  the 
liquid  explosives  nitromethane  and  dithekite^^* and  in  liquid 
TNT  (by  Gey  and  Kinaga  at  NOTS) .  Since  the  velocity  V*  of  the  flash- 
across  in  these  liquids  ranged  from  35  to  100  km/sec  it  was  looked 
for  at  about  the  time  T  -  (S2-l)/V*  or  about  0.5  to  1.0  fisec  before 
the  DDT  and  should  be  seen  at  that  time  if  an  ionization  surge  were 
associated  with  it.  It  is  interesting,  however,  to  consider  the 
velocity  (S2-l)/(T-t-j^)  which  should  be  the  effective  velocity  of  the 
peak  of  the  ionization  pulse  between  the  time  of  observing  it  and 
the  DDT  on  the  assumption  that  it  is  really  this  ionization  pulse 
that  causes  the  initiation  detonation.  This  result  is  given  also  in 
Tablg  I.  Note  that  this  velocity  ranged  from  11.5  km/ sec  at 
Si/ Si  =0.7  (B-1)  to  an  average  of  7.0  km/ sec  at  Sn/S?  =  1.0  (A-4, 
B-2,  C-2  and  3) .  (Incidently,  the  flash-across  velocities  mentioned 
above  were  measured  at  Sj^/S?  <  0.5).  This  evidence  thus  seems  to 
show  that  the  first  ionization  pulse  of  Fig.  4a-e  may  be  identically 
the  flash-across  phenomenon. 

Perpendicular  probe  measurements  at  variable  X  and  =  X  +  0.5 
cm 


Fig.  5  shows  six  oscilloscope  traces  of  electrical  conduction 
in  the  shock  initiation  of  detonation  in  the  receptor  of  the  modi¬ 
fied  card-gap  test  obtained  by  perpendicular  probes  in  the  arrange¬ 
ment  of  Fig.  2(b)  in  which  the  charges  were  only  0.5  cm  longer  than 
the  distance  X  of  the  probe  from  (Incite)  SPHF  plate, ^this  distance 
being  varied  from  0.5  to  4  cm  and  being  close  to  Si  .  The  Incite 
SPHF  barrier  length  was  held  constant  at  4.75  cm  in  all  the  shots 
of  Fig.  5.  The  sweep  rate  of  the  scope  was  5  Rsec/cm,  the  gain  was 
set  at  5  volts/cm,  the  battery  voltage  was  +  21.6  volts  and  r^  was 
22.0  ohms.  Traces  a,  b,  c  and  d  show  the  conduction  results 
obtained  as  the  shock  wave  passed  over  the  probes  placed  about 
0.5,  1.1,  1.5  and  2.1  cm,  respectively,  from  a  Incite  SPHF  plate- 
receptor  interface.  Pressures  were  measured  by  the  Incite  system 
as  well  as  by  the  aquarium  method  on  these  same  charges.  In  these 
four  receptor  charges  the  charge  lengths  were  all  too  short  for  the 
initiation  of  detonation  or  the  DDT  to  occur.  However,  in  trace 
(e)  the  DDT  occurred  after  the  shock  had  passed  by  the  perpendicular 
probes  placed  2.60  cm  from  the  interface  and  the  effect  of  the  deto¬ 
nation  wave  moving  back  across  the  probes  can  be  seen.  In  trace  (f) 
the  DDT  occurred  before  the  shock  wave  passed  the  probes  placed 
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(e)  (f) 


Fig.  5:  Traces  of  conduction  using  perpendicular  probe  method; 

probe  separation  »»  0.5  cm;  bias  »•  +21.6  volts;  gain  » 
5  v/cm;  sweep  rate  =»  5  M-sec/cmj  r]_  =•  22.0  ohms; 

Incite  SPHP  with  =•  4.75  cm;  distance  x  of  probes 
from  SPHF -receptor  Interface,  (a)  x  =  0.48  cm,  (b) 

X  »  1.08  cm,  (c)  X  =»  1.48  cm,  (d)  x  =»  2.06  cm,  (e) 

X  =  2.60  cm,  and  (f)  x  •*  4.05  cm. 
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4.05  cm  from  the  interface  and  only  the  conduction  of  the  internal 
plasma  was  recorded  as  the  detonation  wave  propagated  across  the 
probes.  The  increase  of  conduction  with  distance  X  from  the  SPHF 
plate -receptor  interface  is  striking  in  the  traces  of  Fig.  5. 
However,  as  shown  below,  this  situation  is  characteristic  only  of 
these  short  charges  and  does  not  represent  the  true  state  of  affairs 
in  a  receptor  long  enough  to  detonate.  The  conduction -distance 
curve  (2)  of  Fig.  6  represents  the  values  obtained  from  the  series 
of  shots  in  Fig.  5.  Curve  (1)  of  Fig.  6  was  obtained  from  a  similar 
series  using  glass  SPHF  barriers,  and  curve  (3)  from  a  series  with 
lucite  SPHF  barriers  of  slightly  shorter  length  (S^  =  4.70  cm)  than 
those  of  curve  (2),  S*  in  this  case  being  greater  than  5.0  cm  for 
lucite.  As  the  curves  of  Fig.  6  demonstrate,  the  conduction  across 
the  perpendicular  probes  increased  rapidly  with  distance  from  the 
SPHF  barrier -receptor  interface.  This  is  evidently  associated  with 
release  wave  effects  as  shown  below.  Jt  appears,  in  fact,  that  the 
conduction  (ionization)  increased  at  an  accelerating  rate  until  a 
level  of  ionization  comparable  to  that  within  the  internal  plasma 
or  the  detonation  wave  itself  was  reached  whereupon  the  DDT  took 
place. 

An  astounding  fact,  which  no  doubt  has  an  important  bearing  on 
the  mechanism  of  the  shock  initiation  of  detonation  in  condensed 
explosives,  is  seen  by  comparing  the  conductances  measured  by  the 
perpendicular  probe  method  at  1  cm  from  the  SPHF  barrier  for 
charges  of  L  =  1.6  cm  (Fig.  5b)  with  those  for  »  S2  at 
effectively  the  same  initial  shock  strength.  The  peak  conductance 
corresponding  to  the  first  maxima  in  Fig.  4a-d  where  L  »  S2 
were  from  0.5  to  0.1  mhos.  On  the  other  hand,  the  conductance 
in  the  case  shown  in  Fig.  5b  in  which  hj.  »  1.6  cm  was  only  0.01 
mho  which  is  only  0.1  to  0.02,  the  conductance  observed  for 


It  has  already  been  noted  that  when  <  S2  no  detonation  is 
initiated  (unless  as  shown  below  a  shock  reflection  plate  is  placed 
on  the  end  of  the  charge,  lucite  or  water  not  having  high  enough 
impedances  to  reflect  a  shock  but  only  a  release  wave  when  placed 
on  the  end  of  Composition  B) .  It  is  evident,  therefore,  that  the 
conductance  at  X  *  1  cm  depends  on  L^;  unless  Lj.  is  somewhat 
larger  than  $2  ionization  sufficient  to  trigger  the  DDT  does  not 
develop.  This  suggests  that  a  (probably  elastic)  wave  propagates 
far  enough  ahead  of  the  plastic)  wave  responsible  for  initiation  to 
be  reflected  as  a  release  wave  into  the  region  measured  by  the 
probes  before  the  intense  plastic  wave  (or  peak  of  the  composite 
wave)  reaches  the  probe,  thus  destroying  the  effect  of  the  initiat¬ 
ing  shock  before  it  has  a  chance  to  initiate  a  detonation.  This 
apparently  explains  receptor  failures  when  L  <  S2  even  with  donor - 
SPHF  plate  systems  generating  very  high  shock  intensities,  i.e., 
for  «  S?.  Evidently,  therefore,  the  curves  of  Fig.  6  are 
associated  largely  with  the  influence  of  release  waves  reflected 
from  the  end  of  the  charge  before  the  plastic  wave,  or  rather  the 


163 


Conductance  (mhos) 


Clay,  Cook,  Keyes, 
Shupe  and  Udy 


Fig.  6;  Conduction -distance  curves  measiared  from  plate- 
receptor  interface  in  SPHF  method. 
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peak  of  the  ionization  (and  pressure)  pulse  responsible  for  initiating 
detonation  actually  reaching  the  probes*  In  the  absence  of  these 
release  waves  the  ionization  pulse  is  one  or  two  orders  of  magnitude 
larger.  As  a  matter  of  fact,  in  the  absence  of  reflected  release 
waves  the  intensity  of  the  initial  ionization  pulse  shown  in  F^g.  4 
approaches,  or  even  exceeds  in  some  instances.  i«e.,  at 
that  in  the  detonation  wave. 

Ihis  release  wave  attenuation  concept  is  given  substantial 
support  by  the  observed  streak  camera  traces  of  shocks  from  these 
systems  propagated  into  water.  A  striking  demonstration  of  the 
separation  of  shocks  in  a  Composition  B  donor-thin  glass  SFHF  barrier 
system  is  illustrated  by  the  streak  camera  trace  of  Fig.  7.  Note 
that  the  initial  wave  transmitted  into  the  aquarium  is  suddenly 
overtaken  by  a  wave  of  greater  intensity,  about  1.5  cm  from  the  SPHF 
plate-water  interface,  showing  that  a  second  (plastic)  wave  from  the 
donor -glass  SPHF  plate  system  traveled  at  lower  velocity  than  an 
initial  (elastic)  wave  and  was  enough  more  intense  than  the  initial 
wave  to  overtake  it  upon  entering  the  medium  of  zero  shear  strength. 
This  was  also  seen  by  Clay'^^'  in  studies  of  velocities  of  shock 
waves  of  various  intensities  in  media  of  appropriate  shear  strength 
to  develop  instability  of  shock  and  follows  from  the  von  Neumann 
criterion  of  shock  stability  (Ref.  5,  Cht.  9). 

While  the  results  with  perpendicular  probes  presented  in  Fig.  5 
and  Fig.  6  are,  therefore,  of  great  interest,  they  do  not  reflect 
the  true  nature  of  the  ionization  pulse  but  only  the  release  wave- 
attenuated  ionization  pulse.  Still,  the  great  Influence  of  pressure 
on  ionization  is  brought  out  strikingly  by  these  studies.  On  the 
other  hand,  there  is  no  reason  to  suspect  that  the  pressures  measured 
on  these  short  charges  do  not  reflect  the  actual  shock  pressures  at 
the  interface. 

Pres sure -distance  relations 


In  measurements  of  the  pressure  variations  in  the  receptor 
charges  as  a  function  of  distance  X  from  the  SPHF  plate-receptor 
interface,  several  series  of  shots  were  made  using  the  setups  of 
Fig.  2a  and  b.  Fig.  8  shows  several  curves  of  p(X)  using  glass  and 
lucite  SPHF  barriers  of  different  Sj^/S^.  The  initial  velocities  of 
the  shock  waves  were  measured  by  reading  the  slopes  of  the  distance¬ 
time  curves  recorded  by  the  streak  camera  at  the  receptor -water  or 
receptor -lucite  interfaces  as  the  case  may  be.  These  velocities 
were  then  transformed  into  pressures  by  use  of  the  p(V)  calibration 
curves  for  water  and  lucite  presented  in  this  symposium  by  Cook, 
Keyes  and  Ursenbach^  The  results  shown  in  Fig.  8  indicate  a 
pressure  increase  with  distance  whenever  is  appreciably  less 
than  S-|^.  However,  at  Sj^  =  this  may  not  be  the  case,  the  results 
showing  a  tendency  for  the  pressure  to  drop  initially  with  distance 
from  the  SPHF  barrier  near  the  sensitiveness  limit,  realizing 
that  S*  ^  6.6  to  8.0  cm  for  the  glass  SPHF  plates  in  the  situation 
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Fig.  7:  Shock  waves  in  aquarium  showing  intense  wave 
overtaking  initial  wave  about  1  cm  from  interface. 
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^2  (cm) 

Fig.  8i  Pressiire  (p^) -distance  curves  measured  from 
plate-receptor  interface  in  SPHF  method. 
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shown  in  Fig.  8. 

It  was  observed,  as  illustrated  in  Fig.  7,  that  the  velocity  of 
the  shock  wave  transmitted  into  the  aquarium  or  lucite  from  the  end 
of  the  receptor  in  general  underwent  a  slight  increase  before  it 
attenuated  in  most  cases  owing  to  the  fact  that  the  peak  of  the 
pressure  pulse  entering  the  aquarium  or  lucite  from  the  receptor 
lagged  behind  the  front.  This  velocity  variation  made  it  difficult 
to  measure  with  high  accuracy  the  slope  of  these  distance-time 
curves . 


Trapped  detonation-initiation  waves 

The  experimental  arrangements  used  in  this  phase  of  study  were 
of  three  types  as  shown  in  Fig.  9,  the  Composition  B  donors  being 
5  cm  (d)  X  20  cm  (L)  (detonated  with  20g  of  cast  50/50  pentolite) 
and  the  Composition  B  receptors  being  5  cm  (d)  and  of  variable 
length.  With  the  arrangement  of  Pig.  9a  a  glass  thickness  was 
selected  at  5.6  cm  for  which  S,  was  3.0  cm  for  a  long  receptor 
charge.  Here,  however,  the  length  L  of  the  receptor  was  chosen  to 
be  less  than  S,.  (Note  that  for  <  ^2  no  detonation  occurs  with  a 
bare  Composition  B  receptor.^).  By  using  an  end  plate  of  high 
impedance  (pV)  as  in  Fig.  9a  initiation  of  detonation  occurred  at  a 
position  X  (measured  from  the  SPHF  barrier)  and  at  a  time  T  obeying 
the  following  relations: 

(x  =  2L^  -  s^;  <\<  ^2 


where  C  is  the  plastic  wave  velocity  in  Composition  B,  namely 
2.9  km/sec.  This  situation  is  illustrated  by  the  framing  camera 
sequences  in  Pig.  10a  and  b  for  L^.  “  5S2/6  and  L^.  -  0.5  S2, 
respectively.  Table  II  summarizes  the  data  obtained  in  the  method 
shown  in  Fig.  9a  with  various  plates.  The  results  bear  out  the 
conditions  (1)  and  (2)  and,  moreover,  that  the  initiation  of  deto¬ 
nation  is  caused  only  in  shock  reflections;  as  noted  above,  initiation 
of  detonation  in  a  receptor  of  L  <  S2  does  not  occur  when  the 
impedance  (pV)  of  the  plate  is  less  than  that  (Pj^D)  of  the  explosive 
or  for  a  free  surface,  i.e.,  when  the  reflected  wave  is  a  release 
wave.  Moreover,  when  L  <  O.5S2  no  initiation  of  detonation  occurred, 
the  shock  evidently  propagating  back  through  the  disintegrating  SPHF 
plate  before  the  necessary  conditions  developed  to  cause  the 
initiation  of  detonation. 


When  a  high  impedance  plate  was  placed  not  only  on  the  end  of 
the  receptor,  but  also  between  the  SFHF  plate  and  the  receptor  as 
illustrated  in  Fig.  9b,  the  Initiation  of  detonation  then  obeyed 
(in  addition  to  condition  1)  the  conditions 
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(c) 


Pig.  9:  Experimental  arrangements  for  study  of  trapped 
detonation-initiation  waves  in  Composition  B. 
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Fig.  10:  Photographs  from  high  speed  framing  camera  sequences* 

(a)  $2^  »  5.6  cm,  «  2.5  cm,  »  0*34  cm  brass 

(b)  «  5.6  cm,  »  1.5  cm,  »  0.32  cm  brass 

NOTE:  A  "backlighted”  Incite  block  was  placed  adjacent 
to  the  brass  plate  in  order  to  show  the  emergent 
shock  pattern  from  the  receptor. 
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Table  IXl  Results  obtained  In  Fig«  9a  arrangement  using  5.6  cm  (Sj^) 
glass  plate.* 


End  Plate 

(cm) 

h: 

(cm) 

X 

(cm) 

t' 

(iJisec) 

f  N 

(mm/M-sec) 

Method 

None 

Standard 

Long 

3.0-K).3 

1140.2 

2.940.2 

a** 

Brass 

0.32 

2.5 

240.3 

107540.2 

2.95D.2 

II 

Brass 

0.32 

2.0 

140.3 

10.540.2 

2.940.2 

II 

Brass 

0.32 

1.5 

040.3 

10. 55). 2 

2.940.2 

II 

Brass 

0.32 

1.0 

No  Initiation 

It 

Copper 

0.16 

2.0 

1.46 

10.0 

2.8 

b 

Copper 

0.08 

2.0 

1.64 

9.6 

2.8 

It 

Copper 

0.025 

2.0 

No  Initiation 

II 

Iron 

0.058 

2.0 

0.6 

10.8 

2.7 

'4 

Iron 

0.030 

2.0 

0.9 

11.5 

2.8 

It 

Iron 

0.025 

2.0 

No  Inlltlatlon 

If 

Lead 

0.37 

2.0 

1.0 

11.6 

2.8 

11 

Lead 

0.18 

2.0 

0.8 

12.8 

2.7 

II 

Aluminum 

0.24 

2.0 

No  Initiation 

II 

Aluminum 

0.43 

2.0 

No  Initiation 

Aluminum 

0.75 

2.0 

No  Initiation 

II 

Aluminum 

3.0 

2.0 

No  Initiation 

II 

Glass 

2.5 

2.0 

No  Initiation 

II 

Altunina 

0.6 

2.0 

1.55 

9.6 

2.0 

II 

Magnesia 

2.25 

2.0 

No  Initiation 

tl 

BaliO. 

2.5 

2.0 

0.8 

11.2 

2.8 

tf 

*  X  =*  distance  from  interruptor  plate  where  initiation  of  detonation 
occurred ^ 

«  apparent  time  between  shock  entrance  into  receptor  and  the 
initiation  of  detonation  (actual  time  lag  about  1  l^bec  less)  • 

S^/t  **  average  velocity  of  trapped  initiation  wave  before  initiation 
of  detonation. 

**a  «  framing  camera,  b  «  streak  camera. 
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fx  »  S2  -  2L^;  S2/3  <!*,.<  S2/2  (3) 

jr  »  s^/c  (2) 

Results  bearing  out  this  situation  are  shown  in  Table  III.  It 
should  be  noted,  however,  that  when  ^2/2,  i.e.,  after  three 

reflections  of  the  (trapped)  initiation  wave,  no  initiation  was 
observed  in  several  attempts. 


Results  obtained  by  the  Fig.  9c  assembly  are  summarized  in 
Table  IV  along  with  those  obtained  for  a  long  receptor  (for 
calibration)  ♦  Note  the  excellent  correlation;  even  though  the 
shock  from  the  right  had  to  propagate  through  that  from  the  left, 
and  vice  versa,  at  2S2  ^  Lj-  S2  the  S]l(S2)  relations  and  S2/T 
were  unaffected.  This  clearly  demonstrates  that  the  initiation 
of  detonation  does  not  depend  on  the  initiation  wave  pressure. 

That  is,  $2  and  T  were  not  influenced  by  interaction  of  the  two 
separate  initiating  waves.  An  interesting  and  important  aspect  of 
the  measurements  svimmarized  in  Table  IV  is  the  fact  that  each 
initiation  of  detonation  occurring  in  the  assembly  shown  in  Fig.  9c 
knew  its  oxm  donor  and  was  not  influenced  by  the  opposite  donor 
even  though  the  initiation  of  detonation  occurred  inside  the  region 
over  which  the  shock  from  the  opposite  donor  had  passed.  This  is 
strikingly  Illustrated  by  the  streak  camera  record  of  Fig.  11.  In 
this  case  the  donor  charge  on  the  left  was  delayed  slightly  from 
that  on  the  right.  Note  that  S2j^  **  S2j^  and  T*  »  T^,  and  moreover, 
the  time ^distance  data  agreed  with  those  obtained  with  the  same 
donor -barrier  system  but  with  a  long  (L^  »  S2)  receptor  charge. 


Fig.  12  shows  a  microsecond,  framing  camera  sequence  of  a 
backlighted  shot  made  according  to  Fig.  9c  using  Lj.  »  4.0  cm  and 
^IR  ^  ^IL  ^  5.55  cm.  It  is  indeed  interesting  to  observe  two 
initiation  waves  run  into  and  pass  through  each  other  without 
initiating  a  detonation,  but  at  the  same  time  to  observe  each 
separate  wave  produce  initiation  independently  at  the  same  So 
that  it  would  have  produced  detonation  if  a  long  receptor  had  been 
used  instead  of  the  Fig.  9c  arrangement. 


The  strong  interaction  of  the  two  waves  of  approximately  equal 
magnitude  without  producing  detonation  upon  collision  but  each 
producing  detonation  later  at  the  same  characteristic  distance  S2 
as  though  the  other  shock  were  not  present,  shows  clearly  that  shock 
alone  is  not  responsible  for  initiation  of  detonation.  In  spite  of 
the  fact  that  the  pressure  resulting  from  the  collision  of  two 
waves  is  greater  than  the  sum  of  the  pressures  of  the  two  interacting 
waves  before  collision, the  combined  waves  were  no  more  effective 
in  initiating  detonation  than  either  one  alone.  The  same  reasoning 
can  be  applied  to  the  reflection  of  a  wave  at  a  high  impedance 
interface.  If  shock  alone  were  to  induce  detonation,  it  would  be 
expected  to  take  place  at  the  receptor -end  plate  interface  for  the 
case  Lj.  <  82,  or  at  least  where  $2  exceeded  only  a  small  amount 
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Table  lilt  Results  by  Fig.  9b  arrangement  for  S-  *»  3.55, 


S|^  ■  0.32  brass 

X 

(cm) 

(cm) 

Long 

3.7 

1.5 

3.7 

1.35 

3.4 

1.3 

0.9 

1.1 

No  Initiation 

>*0.32  brass, 
c 


T' 

(cm) 

So/f 

(mm/^isec) 

13.0 

2.9 

10.8 

3.4 

11.4 

3.2 

11.2 

3.2 

Table  IVt  Comparison  of  results  In  standard  charge  with  long 
receptor  and  In  Fig.  9c  arrangement  with  »  Sjj^. 


Method 

«llt 

«1L 

L 

r 

®2L 

^'l 

®2R 

^•r 

(cm) 

(cm) 

(cm) 

(cm) 

(ixsec) 

(cm) 

(l^sec) 

Fig. 

U  6.15 

Standard 

Long 

5.2 

19.0 

II 

6.15 

II 

It 

5.1 

19.2 

11 

II 

6.00 

II 

If 

4.1 

15.4 

If 

11 

5.90 

fl 

II 

3.8 

13.9 

it 

II 

5.85 

II 

II 

5.1 

15.7 

Average 

5.9* 

4.3 

15.0 

Fig. 

9c 

5.85 

5.85 

5.5 

4.3 

15.0 

5.0 

17.6 

If 

5.90 

5.90 

5.5 

3.8 

13.9 

3.9 

13.3 

II 

5.95 

5.95 

5.5 

4.9 

17.8 

5.2 

18.9 

II 

6.00 

6.00 

5.5 

4.2 

14.4 

4.2 

14.6 

It 

SliSI 

5.85 

5.5 

4.0 

13.8 

5.2 

16.5 

Average  5.9 

5.9 

5.5 

4.2 

15.8 

4.7 

16.2 

*The  standard  value  for  S*  at  L  »  S,  was  only  6.6  cm  in  this 
lot  of  Composition  B.  -  ^ 
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Fig.  Ill  Streak  camera  trace  of  initiation  of  detonation  by 
method  of  Fig.  9c,  =«  Sj^j^  with  left-hand  charge 

slightly  delayed. 
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(e.g.,  by  20%)  because  at  this  position  the  shock  intensity  is 
greatly  intensified.  Therefore,  since  detonation  occurred  at  the 
front  of  the  initial  sonic  disturbance,  evidently  this  discontinuity 
is  a  necessary,  but  not  a  sufficient,  condition  to  initiate  deto¬ 
nation  in  the  receptor. 

Table  V  compares  the  sensitiveness  limit  or  limiting  barrier 
thickness,  S?,  of  preshocked  receptors  and  standard  receptors.  Data 
from  three  different  type  experiments  are  presented.  The  first 
utilized  donor  and  receptor  charges  arranged  as  in  the  standard 
card-gap  test.  The  second  utilized  the  double-donor  arrangement  of 
Fig.  9c  with  Sj^T  “  and  S,  <  Lj.  <  2S2.  The  donor  charges  were 
initiated  simultaneously  such  that  the  initiation  waves  would 
collide  at  the  center  of  the  receptor.  The  third  type  experiment 
used  the  Fig.  9c  arrangement  with  selected  to  be  greater  than 
the  sensitiveness  limit.  The  receptor  length,  Lj.,  and  plate  thick¬ 
ness,  SiL>  were  then  varied.  Initiations  of  the  two  donors  were 
timed  so  that  the  wave  through  the  thicker  barrier  traversed  most  of 
the  receptor  before  the  wave  from  the  thinner  barrier  entered  the 
receptor.  The  time  delay  between  events  as  measured  from  the  streak 
camera  traces  as  well  as  the  calculated  distance  through  the  receptor 
traversed  by  the  initial  wave  before  entrance  of  the  second  wave  are 
given  in  Table  V.  Since  the  sensitiveness  limit,  Sj^,  of  Composition 
B  may  vary  from  batch  to  batch,  the  batch  number  also  was  noted. 

For  batch  #1  Composition  B  the  sensitiveness  limit  was  6.55  cm. 
On  the  other  hand,  with  the  symmetrical  double-donor  arrangement  of 
Fig.  9c  no  detonations  resulted  in  five  trials  when  the  barrier 
thickness  was  6.55  cm.  This  result  indicated  that  Composition  B 
was  less  sensitive  to  initiation  under  conditions  wherein  the 
initial  waves  collided  and  passed  through  each  other  than  when 
initiation  occurred  in  undisturbed  receptors. 

Further  comparisons  of  sensitivity  in  standard  and  preshocked 
receptors  were  carried  out  using  the  Fig.  9c  arrangement  with 
®1L  ®1  ^IR  ^1  described  previously.  Using  the  standard 

arrangement  initiations  were  observed  in  batch  #2  Composition  B  for 
barrier  thickness  up  to  8.8  cm.  However,  with  »  5.5  cm,  8]^^  ^ 

9.7  cm,  and  6.85  cm  no  initiations  resulted  in  two  trials 

when  the  receptors  were  preshocked  before  the  wave  from  the  left- 
hand  barrier  entered  the  receptor.  Similarly,  with  —  8.0  cm 
no  initiations  occurred  through  the  left  hand  or  thinner  barrier 
after  the  receptor  was  shocked  from  the  right.  In  one  case,  how¬ 
ever,  an  initiation  occurred  through  the  right-hand  barrier  due  to 
an  initiating  wave  propagating  in  the  undisturbed  receptor .  With 
12.0  cm  receptors  one  initiation  was  produced  by  the  wave  through 
the  thicker  barrier  before  entrance  of  the  wave  through  the  thinner 
barrier,  and  one  initiation  was  caused  by  the  wave  through  the 
thinner  barrier  propagating  in  the  preshocked  region  of  the 
receptor.  The  results  again  indicate  that  preshocked  receptors  are 
less  sensitive  to  initiation  than  normal  receptors,  even  when  the 
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initiating  waves  collided  within  the  receptor.  The  results  with 
batch  #2  Composition  B  also  Indicated  that  the  sensitiveness  limit 
of  preshocked  receptors  increased  as  the  wafer  length  increased. 

This  might  be  explained  on  the  basis  that  the  wave  from  the  right- 
hand  barrier  attenuated  with  distance  diminishing  the  desensitization 
effect  of  initiation  through  the  thinner  barrier.  These  results 
would  appear  to  show  that  initiation  of  detonation,  rather  than 
being  promoted  by  shock,  is  actually  inhibited  by  shock. 

Finally,  some  results  obtained  (a)  by  having  axial  holes  of 
various  diameters  in  the  brass  and  plate,  and  (b)  the  use  of  end 
cylinders  or  plates  of  diameters  less  than  the  receptor  diameter 
are  shown  in  Table  VI.  In  the  case  of  axial  holes  in  the  0.3  cm 
and  plates  of  diameter  1.4  cm  or  less  the  re-initiation  of  deto¬ 
nation  occurred  normally  in  accord  with  condition  (1) .  However, 
at  a  hole  diameter  greater  than  1.4  cm  no  initiation  occurred. 

The  ratio  of  the  hole  area  to  the  charge  (cross-sectional)  area 
was  about  0.1  at  the  failure  point.  Correlating  these  results, 
end  cylinders  of  1.9  cm  diameter  or  larger  produced  reflected 
initiation  waves  with  a  corresponding  area  ratio  at  the  failure 
point  of  about  0.14.  These  results  show  that  the  receptors  tended 
to  initiate  at  the  charge  axis  which  is  in  agreement  with  photo¬ 
graphs  of  the  process. 

The  results  of  these  studies  show  that,  while  they  play  an 
essential  part  in  the  process,  shock  waves  are  not  solely  respon¬ 
sible  for  the  initiation  of  detonation  in  the  receptor  of  the 
card-gap  and  the  SEHF  plate  tests.  While  one  might  therefore 
conclude  that  the  additional  factor  needed  to  effect  the  initiation 
of  the  receptor  is  the  plasma  generated  at  the  instant  of  the 
flash-across.  one  important  consequence  of  the  trapped  detonation- 
initiation  wave  studies  is  that  the  plasma,  if  it  is  the  other 
essential  part,  must  run  into  the  shock  from  behind  in  order  to 
effect  a  detonation;  it  clearly  does  not  effect  a  detonation  by 
running  head-on  into  the  shock*  This  result  follows  from  the  fact 
that  each  initiation  of  detonation  in  the  method  of  Fig.  9c  knew 
its  own  donor. 

Summary  and  Conclusions 

1.  Parallel  probe  ionization  measurements  were  found  to 
correlate  on  an  Sj^/S?  basis  with  the  initiation  of  detonation  in  the 
receptors  in  the  SPHF  plate  "sensitiveness"  test.  In  Composition  B 
receptors  at  0  <  Sj^/S*  <0.9  the  total  ionization-time  curve 
exhibited  a  uniform  rise  from  the  Instant  the  shock  from  the  donor 
entered  the  receptor  until  the  initiation  of  detonation  occurred, 
a  slight  inflection  being  evident  in  the  rise  curve  becoming  more 
prominent  toward  the  upper  limit  of  this  range.  At  0.9  <  Sj^/S^  < 
0.95  the  inflection  point  changed  over  to  a  maximum-minimum 
ionization  region  at  an  ionization  level  about  2/3  to  ^/4  that  in 
the  initial  detonation  wave.  In  the  range  0.95  <  1.0  the 
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maximum  and  minimiam  in  the  ionization-time  curve  separated  progres- 
sivej^y  in  magnitude  and  time  as  increased  •  Precisely  at 

Si/Si  ==1.0  the  minimum  in  the  curve  became  zero,  the  maximum 
occurring  then  at  an  ionization  level  about  1/3  of  the  level  exist¬ 
ing  in  detonation.  At  >1.0  the  ionization  pulse  consisted 

of  the  initial  pulse  only  and  became  progressively  smaller  with 
increasing  S^/S*  disappearing  only  at  values  appreciably  above 
S^.  This  excellent  correlation  with  the  sensitiveness  limit  seems 
to  demonstrate  the  dependence  of  detonation  on  ionization,  the 
latter  being  considered  effective  in  creating  detonation  by  render¬ 
ing  the  reaction  zone  strongly  thermally  conducting. 

2.  Perpendicular  probes  at  1.0  cm  inside  the  (long)  receptor 
from  the  inert  (here  glass  or  Incite)  barrier  showed  two  important 
ionization  pulses  (and  a  third  unimportant  circumstantial  one) . 

The  first  pulse,  for  measurements  in  the  range  0.7  <  <  1.0, 

exhibited  a  maximum  about  4.0  l^sec  after  the  initial  rise  and 
evidently  propagated  into  the  shock  front  (where  it  initiated 
detection)  at  a  rate  which  increased  from  about  7  km/sec  at 
Si/Si  »  1.0  to  11.5  km/sec  at  «  0.7.  While  further  study  is 

required  using,  for  example,  two  or  more  sets  of  perpendicular 
probes,  making  measurements  at  different  distances  from  the  barrier 
and  using  different  ^i/^i  ratios,  it  appears  that  this  ionization 
pulse  is  to  be  identified  with  the  flash-across  phenomenon  observed 
in  transparent  liquid  explosives. 

3.  In  the  range  0  <  S,/S*  <0.7  the  pressure  in  the  initiating 
shock  in  the  receptor  was  observed  to  build  up  progressively  and 
uniformly  with  distance  from  the  barrier  going  smoothly  into  deto- 
natign  as  ^i^edicted  by  Kistiakowsky .  However,  in  the  range 

0.7  <  <1.0  the  shock  pressure  changed  very  little,  if  at  all, 

in  the  interval  T,  increasing  discontinuously  from  the  critically 
low  level  that  it  had  upon  entering  the  receptor  to  the  detonation 
level  right  at  82- 

(4)  Perpendicular  probe  measurements  at  variable  distance  X 
(from  0.5  cm  to  S2)  with  receptors  of  X  +  0.5  cm  length  yielded 
rapidly  rising  conduct ion -time  curves.  These  were  shown  to  be 
associated  with  the  effects  of  a  release  wave  reflected  from  the 
end  of  the  receptor.  These  studies  provided  unique  information  on 
the  influence  of  pressure  on  the  conduction  level  in  the  ionization 
(effective  initiation)  pulse;  the  initial  low  levels  of  ionization 
at  X  “  0.5  was  caused  by  release  wave -attenuation  of  the  pressure 
pulse  from  the  donor  system  caused  by  a  finite  rise  time  to  a  peak 
pressure  a  j-isec  or  so  behind  the  shock  front  owing  to  the  lower 
velocity  of  the  plastic  compared  with  elastic  wave  in  the  explosive 
and  donor  system.  This  effect  disappeared  gradually  as  X  was 
increased  thus  causing  the  conductance  to  increase  rapidly  with  X. 

(5)  By  using  high  impedance  end -plates  on  the  receptor  it  was 

found  possible  to  explode  it  at  0.5  <  <  S2  which  is  impossible 
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with  bare  receptors  or  for  receptor  charges  in  contact  with  any  low 
impedance  medium.  A  striking  observation  was  the  fact  that  the 
total  time  T  and  total  shock  travel  distance  -  X  (®S2)  were 
both  constant  in  these  tests.  This  is  a  striking  confirmation  that 
the  effective  initiation  pulse  is  the  ionization  pulse  and  not  the 
shock  wave. 

The  conditions  in  (4)  and  (5)  not  only  provide  a  simple 
explanation  of  receptor  length  effects  but  also  the  reason  for  the 
ionization  minimum  in  the  parallel  probe  studies.  If  initiation 
does  not  occur  at  some  time  during  the  interval  of  entrance  of  the 
compressional  portion  of  the  wave  into  the  receptor,  the  ionization 
pulse  is  required  upon  complete  development  to  pass  through  a  rare¬ 
faction  zone  before  it  moves  into  the  shock  front.  Since  ionization 
in  the  predetonation  region  depends  strongly  on  pressure,  it  sub¬ 
sides  while  in  the  rarefaction  region  of  the  shock  wave  but  builds 
up  again  (explosively)  upon  moving  into  the  compression  portion  of 
the  wave.  Detonation  occurs  only  when  the  pressure  and  ionization 
pulses  combine;  in  the  absence  of  the  ionization  pulse  strong  shocks 
many  times  greater  in  magnitude  than  the  critical  value  to  initiate 
the  ionization  pulse,  which  then  builds  to  its  critical  level  via 
chemical  reaction,  can  even  collide  without  triggering  a  detonation 
as  shown  by  double-donor  studies. 

(6)  Double-donor  systems  with  Si  <  Sj^  for  both  donors  and 
with  ^2  ^r  double. DDT*  s  each  knowing  its  own 

donor.  This  and  other  similar  s^ock  interaction  experiments  in 
which  SjL  ^  other  donor  demonstrated 

clearly  the  importance  of  the  ionization  pulse  in  the  initiation 
of  detonation  in  the  modified  card-gap  or  SPHF  plate  test  and  showed 
that  shock  pressure  is  important  only  in  its  effect  on  promoting 
ionization  but  not  as  a  direct  means  of  initiating  detonation. 
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ABSTRACT 

Results  obtained  in  studies  of  detonation-generated  plasmas 
pertaining  to  thickness,  velocity,  and  luminosity  as  a  function  of 
the  composition  of  the  explosive  and  various  bulk  and  surface 
additives  are  presented.  The  term  detonation-generated  plasma 
refers  to  the  highly  luminous  and  ionized  zone  generated  at  charge 
surfaces  by  detonation  waves.  These  plasmas  are  to  be  classified 
as  dilute  plasmas  (i.e.,  plasmas  with  one  or  less  free  electron  per 
atom  or  molecule)  in  contrast  to  concentrated  plasmas  in  which 
complete  ionization  of  the  planetary  electrons  occurs.  Shock 
waves  are  shown  to  produce  relatively  little  luminosity  in  compari¬ 
son  to  that  emitted  by  detonation-generated  plasmas.  Differentiation 
is  thus  made  between  the  luminosity  resulting  from  a  shock  wave  trav¬ 
eling  through  air  and  that  of  a  detonation-generated  plasma.  The 
plasma  resulting  from  collision  of  like  plasmas  is  compared  with 
that  obtained  in  collision  of  chemically  different  plasmas,  and  the 
effects  of  oxygen  balance  are  discussed  in  terms  of  the  mechanism  of 
the  generation  of  plasmas. 


*This  investigation  was  supported  by  U.S.  Naval  Ordnance  Test 
Station,  China  Lake,  California  under  Contract  No.  N123 (60530) 8011A. 
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Introduction 

An  external  detonation-generated  plasma  is  the  region  of  intense 
luminosity  formed  at  the  surface  of  a  condensed  explosive  when  the 
detonation  front  emerges.  Plasmas  propagating  from  the  ends  of 
charges  have  been  observed  to  last  for  more  than  250  M-sec  and  to 
exhibit  remarkable  cohesive  properties.  Six  selected  pictures  from 
a  framing  camera  sequence  showing  the  propagation  of  a  plasma  from 
Dithekite-13  were  reproduced  on  the  cover  of  the  Journal  of  Applied 
Physics  for  November  1958.  Previous  to  the  recognition  of  the  plasma 
character  of  the  emission  phenomenon  the  luminosity  was  generally 
considered  to  result  from  decay  of  ionization  that  was  thermally 
induced  by  the  shock  wave  propagating  through  the  gaseous  medium 
surrounding  the  detonation.  On  the  basis  of  electron  density 
measurements  in  the  detonation  reaction  zone, which  showed 
average  electron  densities  to  be  at  least  lO^^/cm^  in  the  detonation 
reaction  zone  and  perhaps  at  the  detonation  front  to  exceed  lO^^/cra^, 
it  was  proposed  that  external  detonation-generated  plasmas  consisted 
of  ions  and  electrons  propelled  from  the  detonation  reaction  zone 
at  the  charge  surf ace. The  terms  internal  and  external  plasmas 
were  used  to  signify  the  ionization  within  the  charge  and  externior 
to  the  charge,  respectively. 

Based  upon  the  cohesive  properties  exhibited  by  external  plasmas 
the  quasi-lattice  model  for  their  structure  was  proposed. Assum¬ 
ing  that  the  same  type  structure  existed  in  the  much  higher  density 
internal  plasmas,  which  would  seem  plausible  because  such  a  structure 
would  be  even  more  likely  to  exist  under  such  conditions,  it  was 
possible  to  account  for  the  extremely  high  degrees  of  ionization 
existing  in  reaction  zones  where  temperatures  were  only  of  the  order 
of  5000®K  or  less  and  densities  were  about  2.2  g/cm^. 

In  the  internal  plasmas  the  expected  life  of  an  electron  was 
estimated  to  be  only  of  the  order  of  10 sec^  '  and  thus  the  inter¬ 
nal  plasmas  decayed  very  rapidly,  existing  only  as  long  as  free 
electrons  were  being  generated  by  chemical  reactions  in  the  reaction 
zone.  However,  at  the  charge  surface,  free  ions  and  electrons  are 
propelled  into  the  low  density  region  outside  the  charge  as  long  as 
the  detonation  reaction  persists,  the  decay  rate  of  the  external 
plasma  then  being  much  slower  because  of  the  much  lower  density  in 
the  surrounding  medium.  The  length  of  the  external  plasma  would 
then  be  expected  to  be  proportional  to  the  reaction  zone  length. 

Cook,  Pack  and  Gey^^^  found  this  to  be  the  case,  which  was  later 
substantiated  by  Cook,  Keyes  and  Udy.^  ' 

Decay  of  ionization  in  external  detonation  generated  plasmas 
was  also  studied  as  a  function  of  the  gaseous  medium  through  which 
the  plasmas  were  propagated.  The  decay  rate  was  found  to  be 
strongly  dependent  upon  the  electron  affinity  but  not  upon  the 
ionization  potential  or  the  heat  capacity of  the  gas  comprising 
the  medium  of  propagation.  Also  interesting  plasma  pulsations 
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were  observed  when  plasmas  were  propagated  into  a  constraining  tube 
the  diameter  of  which  was  larger  than  the  diameter  of  the  charge. 

A  striking  confirmation  of  the  quasi-lattice  structure  of  the 
external  detonation-generated  plasma  was  that  the  plasma  exploded 
in  some  cases  into  gas  clouds  possessing  volumes  many  times  the 
original  volume  of  the  plasma. 

A  later  study(^)  proved  that  external  plasmas  could  be  extruded 
and  readily  conveyed  by  thin-walled  glass  tubing.  That  external 
plasmas  possessed  structure  was  further  demonstrated  by  the  fact  that 
they  could  be  made  to  explode  relatively  early  when  subjected  to 
violent  agitation  such  as  that  produced  by  a  rapid  compression  in  a 
constraining  tube  and  then  an  expansion  into  the  atmosphere  or  upon 
impact  with  a  solid  surface.  This  study  also  showed  that  an  intense 
shock  was  generated  at  the  rear  surface  of  the  external  plasma. 

This  shock  was  interpreted  to  be  a  recombination  shock  generated  by 
decay  of  the  plasma  which  occurs  greatest  at  the  rear  where  the 
density  begins  to  fall  off  rapidly.  On  this  basis  it  became 
evident  that  plasmas  were  self-propelled  by  their  own  recombination 
shocks  and  that  this  was  the  cause  of  their  very  high  velocities 
relative  to  the  detonation  wave  and  external  shock  waves. 

Since  external  plasmas  apparently  are  formed  by  chemionization 
during  chemical  reaction  of  explosive  at  the  surface  of  the  charge, 
their  characteristics  should  be  influenced  by  the  chemical  compo¬ 
sition  of  the  explosive  and  by  material  on  the  charge  surface.  This 
paper  presents,  therefore,  results  of  an  investigation  of  the 
chemical  nature  of  the  external  detonation-generated  plasmas. 

Experimental 

The  observations  carried  out  in  this  study  of  the  chemical 
characteristics  of  external  plasmas  were  primarily  (1)  propagation 
velocity,  (2)  intensity  of  light  emission,  and  (3)  color.  Velocities 
were  measured  with  a  rotating  mirror  streak  camera  while  intensity 
of  light  emission  and  color  were  observed  qualitatively  from  rotat¬ 
ing  mirror  framing  camera  sequences  taken  in  color  with  Super - 
Anscochrome  film  using  a  ruled,  white  background  for  contrast  and 
serai -quantitative  measurements  of  luminosity.  When  comparisons 
were  to  be  made  between  two  or  more  plasmas  the  photogr^hic 
records  of  both  were  taken  when  possible  on  the  same  photogr^hic 
sequence.  If  this  were  not  possible,  care  was  taken  that  the  speed 
of  development  and  the  conditions  under  which  the  exposures  were 
taken  were  uniform. 

The  chemical  compositions  of  the  external  plasmas  were  varied 
by  using  a  variety  of  explosives  including  PETN,  RDX,  tetryl, 

50/50  pentolite.  Composition  B,  TNT,  and  the  blasting  agent  94/6 
AN/ fuel  oil  (AN/FO) .  Since  only  a  few  selected  oxygen  balances 
were  available  with  these  explosives, however,  the  Sprengel 
explosive  Dithekite,  a  mixture  of  nitric  acid,  nitrobenzene  and 
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water,  was  used  most  extensively.  With  this  explosive  the  oxygen 
balance  (O.B#)  could  be  varied  at  will  over  the  whole  range  of 
detonability  from  the  oxygen  excess  side  to  the  oxygen  deficient 
side  simply  by  varying  the  proportions  of  the  nitric  acid  solution 
and  the  nitrobenzene.  In  all  cases  the  nitric  acid  solution  used 
was  82.87o  HNO^  which  was  combined  with  purified  nitrobenzene  to 
make  Dithekite. 

One  series  of  studies  was  devoted  to  the  influence  on  the  ex¬ 
ternal  plasma  from  surface  layers  comprising  various  materials  that 
were  applied  to  the  end  of  Composition  B  charges.  Single  layered 
applications  were  made  of  aluminxam,  magnesium,  lead,  zinc,  (all  in 
powdered  form),  NH^CIO^,  LiClO^,  NaCl  (all  in  granular  form), 
aluminum  foil,  grease,  and  polyethylene.  Since  grease  proved  to 
be  a  very  effective  material  for  quenching  the  plasma,  in  order  to 
determine  if  quenched  plasmas  could  be  regenerated,  some  bi -layered 
tests  were  carried  out  in  which  a  layer  of  grease  was  first  applied, 
followed  by  a  layer  of  powdered  aluminum,  JNH^CIO^,  LiClO^,  or  NaCl 
each  in  granular  form. 

A  series  of  experiments  was  also  carried  out  to  determine  if  a 
secondary  explosion  resulted  when  a  strongly  oxygen  rich  plasma 
collided  with  a  strongly  oxygen  deficient  one,  more  specifically  a 
plasma  from  an  explosive  of  high /positive  O.B.  and  a  plasma  from 
one  of  strongly  negative  O.B.  The  results  were  then  compared  in 
control  tests  with  colliding  plasmas  from  an  explosive  of  zero  O.B. 
If  the  plasmas  consisted  of  partially  ionized  material  from  the 
explosive,  then  the  combination  of  an  oxygen  rich  with  a  fuel  rich 
plasma  should  result  in  a  minor  explosion. 

In  order  to  elucidate  further  whether  the  external  plasma 
resulted  from  chemionization  of  the  explosive  or  thermal  ionization 
in  the  shock  propagating  through  the  gaseous  medium  surrounding  a 
charge,  the  external  plasma  generated  by  AN/FO  was  compared  with 
the  shock  wave  (not  plasma)  from  Composition  B  passing  through  a 
thin  glass  plate  or  grease,  each  of  which  served  to  eliminate  the 
plasma.  The  Composition  B  charge  was  backlighted  in  order  to 
render  the  shocks  visible.  Then  by  means  of  streak  camera  traces 
the  velocity  and  luminosity  of  the  plasma  from  94/6  AN/FO  were 
compared  to  the  velocity  and  luminosity  of  the  shock  from  the 
Composition  B  assembly.  In  order  to  make  comparisons  of  luminosity, 
non -backlighted  streak  camera  traces  for  the  Composition  B  and  the 
94/6  AN/FO  charges  were  used. 

Measurements  of  plasma  velocity  and  detonation  velocity  for 
Dithekite  of  varying  oxygan  balance  were  carried  out  over  the  entire 
range  of  detonability,  the  Dithekite  being  contained  in  200  ml  long- 
form  pyrex  beakers  (height  approximately  10  cm  and  diameter  5.3  cm) 
and  initiated  by  4.8  cm  (diameter)  x  15  cm  (length)  cast  TNT  charges 
through  1/4**  thick  glass  plates  which  served  both  to  support  the 
beaker  and  to  retain  the  detonation  products  of  TNT.  The  height 
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of  Dithekite  in  the  beakers  was  maintained  at  6  cm  in  all  of  these 
experiments.  Thus,  the  remaining  4  cm  of  the  beaker  served  as  a 
constraining  tube.  Since  the  plasma  velocity  varies  (through  plasma 
oscillations)  in  the  early  stages  of  formation  the  average  velocity 
over  the  first  4  cm  of  travel  was  recorded.  Measurement  of  the 
detonation  velocity  required  backlighting  in  order  to  record  the 
motion  of  the  detonation  front. 

The  effect  of  compression  of  plasma  on  velocity  was  also 
investigated.  These  studies  were  carried  out  by  detonating  Dithekite 
in  250  ml  Erlenmeyer  flasks,  the  height  of  the  Dithekite  being  3.7 
cm,  the  top  of  the  flask  being  stoppered  with  a  cork  into  which  was 
inserted  a  16”  length  of  1/2”  X.D.  glass  tubing.  In  order  that  the 
plasma  be  allowed  to  flow  unimpeded  into  the  glass  tube  the  hole 
in  the  bottom  of  the  cork  was  tapered  smoothly  from  the  neck 
diameter  of  the  Erlenmeyer  flask  to  the  diameter  of  the  glass  tube. 

Results  and  Discussion 


The  influence  of  surface  films  on  external  plasmas  from 
Composition  B  is  illustrated  in  Fig.  1  which  reproduces  selected 
pictures  from  several  framing  camera  sequences.  Fig.  la  shows  the 
plasma  from  a  bare  Composition  B  charge,  included  for  comparison 
purposes.  For  the  plasma  shown  in  Fig.  lb  the  end  of  the  charge 
was  covered  with  0.02  ram  thick  A1  foil.  Aluminum  foil  caused  a 
marked  increase  in  luminosity  and  in  the  density  of  the  blue  color 
associated  with  the  plasma,  and  a  several -fold  increase  in  thickness 
of  the  plasma.  This  increase  in  luminosity  cannot  be  explained  on 
the  basis  of  a  stronger  shock  wave  in  the  atmosphere  because  the 
plasma  from  the  bare  Composition  B  charge  was  measured  to  possess  a 
velocity  about  300  m/sec  higher  than  the  plasma  from  the  charge 
covered  with  aluminum  foil,  the  velocities  being  6700  m/sec  and 
6400  m/sec,  respectively.  The  phenomenal  effect  of  aluminum  can 
be  explained,  however,  on  the  basis  of  chemical  reaction  of  the 
aluminum  with  the  detonation  products  and  accompanying  chemionization. 
This  conclusion  was  verified  by  results  with  surface  layers  of 
powdered  magnesium  and  powdered  lead.  The  magnesium  was  found  to 
influence  the  plasma  luminosity  and  thickness  in  a  manner  similar 
to  but  less  pronounced  than  that  of  aluminum.  The  lead,  on  the 
other  hand,  markedly  decreased  the  plasma  luminosity  as  would  be 
anticipated  because  of  the  low  heats  of  formation  of  the  lead 
compounds.  Surface  layers  1  mm  thick  of  NH^CIO^  and  LiClO^  on 
Composition  B  also  produced  increased  luminosity  as  shown  in  Fig. 

Ic.  This  would  be  expected  on  the  basis  that  these  oxygen-rich 
compounds  should  react  with  the  oxygen -negative  detonation  products 
from  Composition  B. 

A  1  mm  layer  of  grease  and  the  0.0875"  glass  layer  completely 
quenched  the  external  plasma  from  Composition  B.  In  the  case  of 
glass  it  is  because  the  plasma  is  held  back  and  the  shock  wave  alone 
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Fig,  1:  Influence  of  surface  films  on  plasmas  from 
Composition  B,  (a)  Bare  Comp  B;  (b)  0,02  mm 
A1  film;  (c)  left  to  right,  1  mm  NH4CIO4,  1  mm 
LiC104,  1  mm  grease,  0,32  mm  polyethylene; 
(d)  0.0875  in.  glass,  sec /frame.  Frames  1, 
2,3,  and  11  shown.) 


189 


Cook,  Funk,  Keyes 


(e)  (f) 


;g)  (h)  (i) 


Fig.  l{Continued):  Influence  of  surface  films  on  plasmas  from  Compo¬ 
sition  B.  (e)  1.5  mm  grease  plus  1.0  cm  powdered  Al;  (f)  1.5 
mm  grease  plus  1.0  cm  .tiiC104;  (g)  1.5  mm  grease  plus  1.0 
cm  NaCl;  (h)  1.0  cm  NaCl,  (i)  Bare  94/6  AN /fuel  oil. 
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is  able  to  penetrate  the  glass.  This  is  adequate  proof  that  the 
brilliant  luminosity  is  not  caused  by  a  shock  wave  propagating  in 
air.  In  the  case  of  grease,  however,  the  quenching  of  luminosity 
is  a  chemical  one  brought  about  by  free  radical  formation  and  the 
large  electron  affinities  of  free  radicals  as  explained  by  Cook, 

Keyes  and  Udy.^^^ 

Fig*  Ic  also  shows  the  effect  of  several  layers  of  polyethylene 
having  a  total  thickness  of  0.32  mm.  The  polyethylene  film  proved 
to  exert  little  or  no  effect  on  the  external  plasma. 

Fig.  1  (continued)  shows  some  effects  of  bi -layered  applications, 
the  first  layer  being  grease  to  quench  the  plasma  and  the  second 
layer  being  usually  a  material  expected  to  cause  the  plasma  to 
reappear.  In  the  case  of  aluminum  powder  and  LiClO^  powder  on 
grease  the  plasma  reappeared  as  shown  in  Fig.  1(e)  and  (f)  as 
expected  owing  to  chemical  reaction.  On  the  other  hand,  as  shown 
by  Fig.  1(g)  considerable  luminosity  also  reappeared  with  NaCl  on 
grease  even  though  NaCl  does  not  react  chemically  under  these 
conditions.  The  results  shown  in  Fig.  Ih  where  a  similar  layer  of 
NaCl  on  Composition  B  alone  was  found  to  decrease  luminosity, 
indicate  that  the  mechanism  for  NaCl  is  different.  Probably  the 
light  produced  by  NaCl  when  traversed  by  a  shock  is  electrpkinetic 
in  origin,  as  suggested  previously . 

Fig.  1$)  presents  selected  frames  showing  the  external  plasma 
from  94/6  AN/FO  generated  at  the  end  of  a  6"  diameter  x  36*'  long 
(bare  end)  charge.  Even  though  the  detonation  velocity  in  this 
case  was  only  2700  m/sec  a  bright  external  plasma  was  generated. 
Further  verification  of  the  fact  that  external  plasmas  are  not  the 
result  of  shock-induced  ionization  in  the  gaseous  medium  is 
evident  from  comparisons  of  the  characteristics  of  the  plasma  from 
94/6  AN/FO  with  the  shocks  from  Composition  B  charges  terminated 
by  a  0.0875"  glass  plate  or  a  1  mm  layer  of  grease  (the  layer  of 
grease  on  Composition  B  as  shown  in  Fig.  Ic  was  only  about  0.1  mm 
thick) .  Firstly,  as  previously  mentioned,  the  glass  plate  or  the 
grease  completely  eliminated  the  plasma  from  Composition  B.  This 
result  was  verified  from  streak  camera  photographs  as  well  as 
framing  camera  photographs.  However,  when  the  glass -terminated 
Composition  B  charges  were  backlighted  and  photographed  with  a 
streak  camera  to  show  the  shock  moving  from  the  glass  plate,  the 
shock  was  found  to  have  a  velocity  in  excess  of  4400  m/sec.  On 
the  other  hand,  the  plasma  from  94/6  AN/FO  propagated  at  a  velocity 
below  3700  m/sec  and  remained  highly  luminous  over  a  relatively  long 
time.  The  backlighted,  streak  camera  record  of  the  wave  propagated 
from  the  end  of  the  grease -covered  Composition  B  charge  gave  a 
velocity  of  6000  m/sec.  As  shown  by  Cook,  Keyes  and  Udy^^)  and  in 
Fig.  6.14a,  Ref.  6,  however,  this  wave  is  not  a  shock  wave  but 
simply  the  luminosity -quenched  plasma.  Indeed,  since  glass  is  a 
good  impedance  match  for  Composition  B  there  is  no  reason  to 
expect  that  the  true  shock  for  the  grease  covered  charge  should  not 


191 


Cook,  Funk,  Keyes 


also  possess  a  velocity  about  equal  to  4400  m/sec. 

Fig.  2  contains  plots  of  plasma  velocity  (averaged  over  the 
first  4  cm  of  propagation)  and  detonation  velocity  of  various 
Dithekite  mixtures  as  a  function  of  oxygen  balance.  The  oxygen 
balance  was  varied  from  -75  to  +25  weight  percent  oxygen  which 
covered  almost  the  entire  range  of  detonability  of  the  Dithekite 
mixtures.  Given  abscissa  on  the  graph  are  the  oxygen  balance,  as 
well  as  percent  water  in  the  mixtures .  Both  the  detonation  velocity 
and  the  plasma  velocity  vs  O.B.  curves  exhibited  maxima  corresponding 
to  a  slightly  negative  oxygen  balance  with  the  velocities  dropping 
more  sharply  on  the  oxygen  rich  side  than  on  the  oxygen  deficient 
side.  The  densities  of  the  Dithekite  mixtures,  on  the  other  hand, 
increased  continually  from  1.29  g/cm^  for  D-7  to  1.43  g/cm3  for 
D-15.  Particular  attention  is  directed  to  the  fact,  which  was  well 
verified  experimentally,  that  the  average  plasma  velocity  was  less 
than  the  detonation  velocity  near  the  two  extremes  of  oxygen 
balance,  the  trend  being  more  pronounced  on  the  oxygen  rich  side, 
while  for  near  zero  oxygen  balance  the  average  plasma  velocity 
exceeded  appreciably  the  detonation  velocity. 

The  shape  of  the  detonation  velocity  vs  O.B.  curve  is  precisely 
what  one  would  predict  from  thermohydrodynamic  theory,  the  enthalpy 
of  the  detonation  reaction  being  a  maximum  for  a  slight  oxygen 
deficiency.  The  fact  that  the  average  plasma  velocity  generally 
exceeded  the  detonation  velocity,  but  at  the  extremes  of  oxygen 
balance  and  especially  on  the  oxygen  rich  side  was  less  than  the 
detonation  velocity,  is  believed  to  be  significant  in  regard  to 
the  mode  of  propulsion  of  plasmas. 

Fig.  3  presents  selected  pictures  from  framing  camera  sequences 
showing  examples  of  the  collision  of  plasmas.  Fig.  3a  shows  the 
collision  of  two  plasmas  from  D-13  (O.B.  ~  0) while,  for  contrast, 
the  Fig.  3b  shows  the  collision  of  the  plasma  from  D-14  (O.B.  « 

12.5)  with  that  from  D-12  (O.B.  »  -12.5).  As  mentioned  above  if 
external  plasmas  result  from  chemionization  in  detonation  reactions 
at  the  surface  of  the  charge  rather  than  from  shock-induced, 
thermal  ionization  in  the  gaseous  mediim  surrounding  the  charge, 
one  would  expect  that  the  interaction  of  two  unlike  plasmas, 
specifically  a  plasma  from  an  explosive  with  a  positive  oxygen 
balance  and  the  plasma  from  an  explosive  with  a  negative  oxygen 
balance,  would  produce  a  greater  enhancement  of  luminosity  than 
would  occur  during  the  interaction  of  two  plasmas  having  the  same 
composition.  Two  factors  are,  in  fact,  expected  to  contribute  to 
increased  luminosity  resulting  from  the  impact  of  two  plasmas: 
first  the  relative  compression  of  the  plasmas,(^)  and  second, 
rapid  chemical  reaction  between  the  species  comprising  the  two 
plasmas.  The  latter  effect,  of  course,  can  only  occur  if  the 
plasmas  contain  species  that  originate  primarily  from  the  explosive, 
and  the  species  contained  in  the  two  plasmas  were  sufficiently 
different  that  they  could  react  chemically  during  mixing. 
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(a)  (b)  (c) 


Fig.  3:  Collisions  of  chemically  similar 
and  chemically  di similar  plasmas. 

(a)  Both  D-13  plasmas  (O.B.  =  0); 

(b)  D-14,  left  (O.B.  =  12.5)  with 
D-12,  right  (O.B.  =  12.5;  (c)  Plas  — 
ma  from  cast  TNT  (O.B.  =  -74.5) 
colliding  with  plasma  from  D-15 
(O.B.  =  +25)  and  plasma  from 
pressed  PETN  (O.B.  =  -10)  colli¬ 
ding  with  plasma  from  D-15. 
(2  v<sec /frame,  frames  1,4,7,  and 
10  shown.) 
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In  examining  the  photographs  of  Fig.  3a  and  Fig.  3b  one  will 
note,  especially  in  comparing  the  last  three  frames  in  each  series, 
that  a  more  marked  increase  in  luminosity  resulted  from  the  collision 
of  the  plasma  from  the  D-14  with  the  plasma  from  D-12  (Fig.  3b)  than 
occurred  upon  the  collision  of  two  D-13  plasmas  (Fig.  3a).  .(This 
effect  is  considerably  more  noticeable  on  the  original  films  than 
on  the  reproductions  where  detail  has  been  lost.)  In  addition,  the 
luminosity  persisted  longer  in  the  collision  of  the  plasma  from 
D-14  and  D-12  than  in  the  collision  of  two  D-13  plasmas.  This  is 
further  substantiated  by  the  fact  that  the  two  D-13  plasmas  collided 
at  a  relative  velocity  approximately  .600  m/sec  greater  than  in  the 
collision  of  the  D-14  with  the  D-12  plasmas.  Thus  the  plasma 
compression  and  resulting  increase  in  luminosity  by  this  mechanism 
should  have  been  much  greater  for  the  collision  of  like  plasmas  than 
for  the  collision  of  the  unlike  ones.  This  result,  therefore, 
demonstrates  the  importance  of  chemionization  as  the  main  source  of 
luminosity  of  these  plasmas. 

One  will  note  from  examination  of  frame  2  in  each  of  the  two 
series  of  Fig.  3  that  the  depth  of  the  enhanced  luminous  region 
was  greater  for  the  like  (D-13)  plasmas  than  for  the  unlike  ones 
(D-12  into  D-14) .  This  result  is  to  be  expected  because  the 
relative  velocity  of  the  two  plasmas  from  D-13  was  greater  than  the 
relative  velocity  of  the  plasmas  from  D-14  and  D-12. 

Fig.  3c  shows  selected  frames  from  a  framing  camera  sequence  of 
the  collision  of  a  plasma  from  cast  TNT  (O.B.  =*  -74.5)  and  a  plasma 
from  PETN  (O.B.  «  -lo)  on  the  left  and  the  collision  of  a  plasma 
from  cast  TNT  with  a  plasma  from  D-15  (O.B.  =  25)  on  the  right.  The 
results  again  demonstrate  the  importance  of  chemionization  as  the 
source  of  the  luminosity  in  the  external  detonation-generated  plasmas. 
A  comparatively  greater  increase  in  luminosity,  which  lasted  for  a 
longer  period  of  time,  occurred  in  the  collision  of  the-plasmas  from 
TNT  and  D-15  where  extensive  exothermic  chemical  reaction  would  be 
expected  following  collision.  This  situation  is  particularly 
noticeable  in  the  last  two  frames  of  the  series.  Again  the  effect 
of  chemionization  was  made  more  striking  by  the  fact  that  the  plasma 
from  PETN  had  a  velocity  about  1200  m/sec  greater  than  that  from 
TNT  and  thus  the  compressional  effect  should  have  been  correspondingly 
greater . 

External  plasmas  may  be  readily  compressed  by  directing  them 
into  constraining  tubes  of  a  smaller  diameter.  Charges  of  Dithe- 
kite  were  detonated  in  250  ml  Erlenmeyer  flaska  producing  plasmas 
which  were  compressed  smoothly  into  1/2"  I.D.  thin-walled  glass 
constraining  tubes.  The  ratio  of  the  surface  area  of  the  Dithekite 
charge  or  the  area  of  the  original  plasma  to  the  cross-sectional 
area  of  the  1/2"  I.D.  tube  was  38.  Fig.  4  reproduces  selected 
frames  of  sequences  showing  plasmas  from  Dithekite  mixtures  possess¬ 
ing  oxygen  balances  from  -75  to  +25  which  were  compressed  in  the 
above  manner.  For  the  particular  case  shown  in  Fig.  4  D-7  and  D-8, 
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Fig,  4;  Selected  frames  showing  Dithekite  plasmas  com¬ 
pressed  into  1/2-in.  tubes,  (a)  D-7,  8,  and  9  (left 
to  right);  (b)  D-10,  11,  and  12;  (c)  D-13,  14,  and 
15.  (2^sec/frame,  frames  1,4,7,  and  10  shown.) 
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the  two  charges  on  the  left,  and  D-15,  the  charge  on  the  extreme 
right,  did  not  detonate.  The  latter  mixture  lies  near  the  failure 
point  because  instances  have  occurred  both  where  this  mixture 
detonated,  and  it  failed.  However,  the  D-7  and  D-8  failure  must 
have  occurred  because  of  some  mechanical  difficulty  because  these 
mixtures  detonated  consistently  in  previous  tests. 

With  the  mixtures  that  detonated,  namely  0-9  to  D-14,  large 
increases  in  luminosity  occurred  as  the  plasmas  were  compressed 
into  the  1/2"  tubes.  In  addition  to  the  increase  in  luminosity 
the  plasmas  were  extended  in  length  to  roughly  12  cm.  There  did 
not,  however,  appear  to  be  any  marked,  consistent  variation  in 
length  of  these  compressed  plasmas  as  a  function  of  oxygen  balance. 
When  the  plasmas  were  compressed  into  the  1/2"  diameter  tubes  there 
was  also  an  increase  in  velocity  which  reached  values  as  high  as 
13,000  m/sec  in  the  case  of  D-13.  Actually  higher  velocities  and 
greater  extensions  of  plasma  length  have  been  observed.  The  velocity 
and  the  length  of  plasma  after  being  compressed  in  a  tube  are 
determined  to  a  great  extent  by  the  ratio  of  the  cross-sectional 
area  of  the  original  plasma  and  the  cross-section  of  the  tube,  the 
greater  the  compression,  the  greater  the  velocity  of  the  compressed 
plasma,  and  the  longer  its  length  inside  the  compression  tube.  The 
velocities  of  the  various  compressed  plasmas  shown  in  Fig.  4  could 
not  be  resolved  sufficiently  accurately  from  the  framing  camera 
sequences  to  determine  the  dependence  on  oxygen  balance,  and  the 
appropriate  streak  camera  traces  required  for  such  measurements  as 
yet  have  not  been  obtained. 

The  framing  camera  sequences  shown  in  Fig.  4  illustrate  another 
salient  factor,  namely  that  the  glass  did  not  fracture  at  the 
plasma  front  even  during  the  compression  process.  Instead,  the 
fracturing  took  place  at  the  rear  of  the  plasmas  where  the  strong 
recombination  shock  was  located.  Since  similar  results  have  been 
obtained  for  very  thin-walled  tubing  this  fact  demonstrates 
further  the  cohesive  nature  of  external  plasmas. 

In  addition  to  the  plasma  compressions  shown  in  Fig.  4  a 
plasma  from  RDK  was  compressed  from  an  Erlenmeyer  flask  into  a 
hole  through  a  lucite  block  and  forced  to  make  a  90®  turn.  The 
plasma  flowed  around  the  corner  with  no  change  in  luminosity 
resulting.  The  lucite  assembly  was  backlighted  to  observe  shocks 
in  the  lucite  produced  when  the  plasma  reached  the  90®  turn,  but 
any  such  shocks  generated  were  too  weak  to  be  observed. 

The  results  of  these  plasma  compression  experiments,  especially 
the  extension  of  plasma  length,  the  delayed  fracture  of  glass,  and 
the  unimpeded  flow  of  the  plasma  around  a  90®  corner  do  not  appear 
to  be  explainable  on  the  basis  of  a  shock  mechanism  for  formation 
of  the  ionization. 
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Plasmas  from  the  Dithekite  series  D-7  through  D-IS  detonated 
in  200  ml  long-form  beakers,  which  was  the  arrangement  used  for 
the  streak  camera  measurements  of  detonation  velocity  and  plasma 
velocity  given  in  Fig.  2,  are  illustrated  in  Fig.  5  by  selected 
frames  from  framing  camera  sequences.  Sharp  decreases  in  luminosity, 
velocity,  and  length  of  the  plasma  are  particularly  noticeable  as 
the  oxygen  balance  was  increased  from  zero  through  12.5  to  25, 
although  decreases  may  also  be  observed  as  the  O.B.  was  made  more 
negative.  The  explosive  D-15  (O.B*  25)  exhibited  a  plasma  that 

was  hardly  visible,  which  (because  D-15  lies  at  the  limit  of 
detonability)  is  just  the  result  one  would  expect  on  the  basis  that 
the  detonation  state  is  a  plasma  state,  and  the  external  plasma 
stems  from  chemionization  at  the  charge  surface.  It  is  interesting 
to  note  further  that  the  plasma  from  the  6*’  diameter  94/6  AN/FO 
charge,  which  was  relatively  bright,  possessed  a  velocity  roughly 
1000  m/sec  slower  than  the  "dim"  plasma  from  D-15. 

Attention  is  also  drawn  to  the  fact  that  the  plasma  decay 
products  from  D-13  were  almost  perfectly  transparent  while  the  decay 
products  from  plasmas  whose  O.B.  deviated  from  zero  tended  to  be 
opaque  with  the  tendency  increasing  the  greater  the  deviation  from 
zero  oxygen  balance.  Similar  results  were  also  observed  in  comparing 
the  decay  products  of  plasmas  from  TNT,  50/50  pentolite,  BDX,  and 
PETN. 


Some  streak  camera  traces  obtained  using  the  same  long  form 
beaker  arrangement  are  reproduced  in  Fig.  6,  many  of  the  streak 
camera  pictures,  in  fact,  being  taken  simultaneously  with  the 
framing  camera  sequences.  Such  traces  were  used  to  obtain  the 
data  of  Fig.  2.  These  traces  also  illustrate  strikingly  the  decrease 
in  velocity,  intensity  and  thickness  of  external  plasmas  that  are 
encountered  with  Dithekite  mixtures  as  the  oxygen  balance  is  varied* 
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(a)  (b)  (c) 

Fig.  5:  Selected  frames  showing  Dithekite  plasmas. 

(a)  D-7,  8,  and  9  (left  to  right);  (b)  D-10,  11, 
and  12;  (c)  D-13,  14,  and  15.  (2  sec/frame, 
frames  1,4,7,  and  10  shown.) 
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DETONATION  PLASMA 
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Ebcplosives  Research  and  Development  Establishment 
Waltham  Abbey,  England# 


INTRODUCTION 


The  detonation  of  high  explosives  is  always  accompanied  by  a 
liuninous  phenomenon  which  is  so  characteristic  that  it  is 
sometimes  confused  with  the  detonation  itself#  It  became  important 
to  the  study  of  initiation  when  coupled  by  M#A#  Cook  to  his  ”heat 
pulse”  theory#  Briefly,  an  initiating  shock  in  the  body  of  the 
explosive  charge  is  overtaken  by  a  ”heat  pulse”#  At  this  point  the 
reactions  then  produce  a  high  degree  of  ionisation  which,  when  the 
detonation  is  established,  is  restricted  to  the  detonation  zone 
itself#  To  quote  Cook  (1)  on  the  generation  of  the  light  produced 
when  the  detonation  zone  reaches  the  surface  of  the  charge: 
'‘Apparently  the  surface  layers  of  explosive  begin  to  spray  ions  and 
"electrons  into  the  low-density  region  of  the  gas  phase  when  they 
•steirt  to  react,  and  cease  as  soon  as  the  reaction  is  over# 

"The  plasma  thus  formed  has  a  long  half  life  owing  to  the  low  density^ 
"that  formed  under  the  hi^-density  conditions  inside  the  explosive 
"disappears  rapidly”. 

The  experiments  described  here  are  a  study  of  the  connection 
between  the  luminous  phenomena  and  the  charged  immediate 
environment# 

EXPERIMENTAL 

1#  Cook*s  experiment  was  repeated,  with  a  beaker  part  full 
of  60/40  RDX/TNT#  The  luminous  cloud  appeared  atx^ached  to  the 
top  of  the  expanding  explosion  products# 

2#  A  glass  cell,  5x4x1  cm#  half  filled  with  dithskite 
was  detonated  from  the  bottom  and  photographed  in  a  schlieren 
field#  When  the  luminous  cloud  is  about  2  to  3  cm#  above  the  cell 
lateral  shock  waves  in  air  can  be  seen  as  dau:k  lines  joining  the 
top  of  the  cell  to  the  edges  of  the  cloud  itself#  The  end  shock 
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(i*e*  out  of  the  top  of  the  cell)  is  not  distinguishable  from  the 
cloud  itself# 

5#  Experiment  2  was  repeated  but  without  schUjeren  lighting# 
A  box  with  perspex  (lucite)  sides,  cardboard  top  and  a  cellulose 
film  bottom  was  fixed  so  that  the  base  was  12  mm  above  the  top  of 
the  cell#  The  box  was  filled  with  propane.  When  the  luminous 
cloud  passed  into  the  box  a  dense  black  cloud  immediately 
surrounded  or  replaced  it# 

4#  Experiment  3  was  repeated  with  carbon  dioxide  in  the  box# 
A  result  similar  to  that  obtained  with  propane  was  observed, 
except  that  in  this  case  the  cloudttts  not  quite  so  dense# 

5#  Experiment  3  again  repeated  but  with  the  box  full  of 
neon#  The  luminous  cloud  remained  Itiminous  but  on  entering  the 
box  the  lilac  colour  observed  in  air  was  replaced  by  pink  in  the 
neon# 


6#  Small  explosive  charges  were  detonated  in  propane,  carbon 
dioxide  and  neon#  These  gave  results  similar  to  those  observed 
in  the  perspex  box  experiments. 

7#  A  gap  test  type  of  experiment  using  kDX/TNT  was  fired  in 
a  vacuum  of  5  x  10“^  mm,  Hg#  The  main  luminous  effects  were 
entirely  quenched  by  the  vacuum  and  the  detonated  explosive  is 
seen  expanding  as  a  very  dark  mass#  There  is  a  flash  of  light 
^en  the  detonation  reaches  the  witness  block#  A  small  charge 
of  RDX/TNT  was  similarly  fired  in  vacuo  but  no  Iximinous  cloud  was 
ejected  from  the  end# 

DISCUSSION 


There  is  no  reason  to  doubt  that  the  light  is  due  to  the 
recombination  of  ions  aind  electrons  in'  ionised  gas#  This  is 
supported  by  the  change  in  colour  when  the  atmosphere  is  changed 
from  air  to  neon#  The  experiments  in  propane  and  carbon  dioxide 
support  Cookes  theory  that  the  absence  of  "plasma”  when  propane 
is  used  to  surround  the  charge  is  due  to  its  decomposition# 

It  is  also  certain  that  the  phenomenon  is  closely  attached 
to  the  products  of  the  explosion#  The  appearance  of  separation 
of  the  "plasma"  in  the*  dithekite  experiments  is  due  to  the  fact 
that  this  explosive  is  oxygen  balanced  and  the  products  nearly 
invisible# 

The  experiments  in  vacuo  make  clear  that  the  light  is  in  fact 
emitted  by  the  compression  of  the  gas  surrounding  the  charge. 

The  only  other  explanation  is  that  the  light  is  caused  by  a 
strong  shock  reflected  into  the  products#  Light  can  indeed  be 
generated  by  this  mechanism  and  the  flash  seen  from  the  witness 
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block  used  dLn  the  evacuated  gap  test  arises  this  way#  In  the  more 
usual  circumstances  however  the  shock  impedance  of  the  products  will 
be  greater  than  that  of  the  atmosphere  and  the  reflected  wave  will 
be  a  rarefaction# 

ILLUSTRATION 

The  effective  illustration  of  the  foregoing  calls  for  a  large 
number  of  photographs  in  colour  and  a  short  cine  film  has  been 
prepared# 

BIBLIOGRAPHY 
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ENERGY  TRANSFER  TO  A  RIGID  PISTON  UNDER  DETONATION  LOADING 
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White  Oak,  Maryland 


ABSTRACT:  The  flow  following  the  impact  of  a  plane 
detonation  front,  in  a  condensed  explosive,  on  a  rigid 
piston  is  obtained  by  a  finite  difference  procedure. 
Computations  are  described  wherein  the  equation  of  state 
£|  =  Pv/>'-/  is  used  for  the  gaseous  explosion  products, 
and  the  constant  y  is  taken  equal  to  2.5,  3.0  and  3.5. 
Explicit  formulas  for  the  piston  motion  are  obtained 
analytically  for  the  special  case  where  X  is  equal  to 
three.  The  effects  of  the  detonation  parameters  and  the 
explosive  mass  to  piston  mass  ratio  on  the  terminal 
velocity  of  the  piston,  and  the  energy  transmitted  to  the 
piston,  are  described.  In  the  range  where  y  =  2.5  -  3.5 
the  terminal  velocity  of  the  piston  is  found  to  depend 
almost  entirely  on  the  chemical  energy  released  in  the 
explosion  and  the  explosive  mass  to  piston  mass  ratio, 
i.e.,  for  a  fixed  chemical  energy,  the  total  energy 
transmitted  to  the  piston  is  insensitive  to  the  form  of 
the  detonation  wave. 

I.  Introduction 

The  flow  behind  a  plane  detonation  front  in  a  con¬ 
densed  explosive  has  been  described  by  G.  I.  Taylor  (l). 

A  natural  offshoot  of  this  problem  consists  of  determin¬ 
ing  the  flow  following  the  impact  of  a  plane  detonation 
front  on  a  rigid  piston.  Of  particular  interest  in 
explosives  work  is  the  amount  of  energy  transmitted  to 
the  piston  and  the  effect  on  the  energy  transmission 
process  of  such  factors  as  the  explosive  mass  to  piston 
mass  ratio  and  the  explosive  density,  heat  of  formation 
and  detonation  velocity.  The  initial  configuration  is 
shown  in  Figure  1.1. 
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at  this  surface. 


Figure  1.1 

The  essential  features  of  the  gas  dynamic  problem 
are  the  following:  The  flow  after  initiation  at  the 
surface  0  in  Figure  1.1,  and  before  the  detonation  front 
reaches  the  piston  is  given  by  a  simple  wave  centered  at 
0.  When  the  detonation  front  reaches  the  piston  a  shock 
is  reflected.  The  rigid  piston  assumption  implies  an 
initial  velocity  of  zero  for  the  piston  followed  by  a 
smooth  acceleration.  Figure  1.2  is  a  space-time  diagram 
indicating  the  flow  regions. 


Figure  1.2 

Region  I  in  Figure  1.2  consists  of  solid,  unreacted, 
explosive.  Region  II  is  the  simple  wave  (Taylor  wave) 
region.  Region.  Ill  is  a  region  of  interaction  between 
the  wave  crossing  the  reflected  shock  and  the  wave 
reflected  from  the  piston. 

The  equation  of  state  of  the  form 

E  =  Pv/(y-i) 
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has  been  used  throughout  fox  the  gaseous  explosion 
products.  Here  E  is  the  specific  internal  energy,  P  is 
the  pressure,  v  is  the  specific  volume  and  y  is  constant 
for  each  explosive  composition.  This  equation,  with  y 
in  the  range  of  2.5  -  3.5,  has  been  used  for  the  gaseous 
products  of  condensed  explosives  with  considerable 
success,  (see  Jacobs  (2),  Price  (3),  Jackson  and  Clark  (4) 
and  Deal  (5) ) . 

A  number  of  relations  between  the  detonation  para¬ 
meters, and  the  Taylor  solution _,are  listed  in  Section  II, 
The  special  case  where  the  adiabatic  exponent,  y  ,  is 
equal  to  three  is  considered  in  Section  III.  The 
reflected  shock  in  Figure  1.2,  being  a  weak  shock  is 
approximated,  in  this  section,  by  a  compression  wave. 

The  validity  of  this  approximation  is  discussed  by 
Courant  and  Friedrichs  (6).  Simple  explicit  formulas 
for  the  motion  of  the  piston  are  obtained  for  this  special 
case. 

j 

In  Section  IV  a  finite  difference  scheme  programmed 
for  the  IBM  704  computer  is  described.  This  scheme  is 
capable  of  treating  the  problem  considered  here  when  a 
more  general  equation  of  state  than  1.1  is  used.  The 
program  uses  the  staggered  difference  method  due  to  Lax 
(7)  in  the  shock  region  and  a  straightforward  differencing 
of  the  hydrodynamic  equations  in  the  adjoining  rarefaction 
regions. 

The  results  of  the  computations,  in  which  the 
equation  of  state  1.1  was  used  with  y  equal  to  2,5,  3 
and  3,5  are  given  in  Section  V,  The  quantities  c>/D  , 

,  andu,/\/E,are  plotted,  for  constant  X  , 

against  the  explosive  mass  to  piston  mass  ratio,  me/mp. 

Here  Uf  is  the  terminal  velocity  of  the  piston,  D  is  the 

detonation  velocity,  Ef  is  the  total  energy  transmitted 

to  the  piston  and  is  the  specific  chemical  energy 

released  in  the  explosion.  Since  X  can  be  expressed  in 
various  ways  in  terms  of  the  detonation  parameters 
(Section  II),  the  effect  of  any  detonation  parameter  on 
the  terminal  velocity  of  the  piston  and  on  the  energy 
transmitted  to  the  piston  can  be  found  from  these  plots. 
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II.  The  Detonation  Parameters  and  the  Taylor  Wave 

In  this  section  a  number  of  relations  between  the 
detonation  parameters  are  listed  and  explicit  formulas 
for  the  flow  variables  are  given  at  the  time  the  detona 
tion  first  reaches  the  piston  in  Figure  1.2.  This 
information  provides  the  initial  data  for  the  problem 
dealing  with  the  piston  motion. 

The  following  dimensionless  variables  will  be  used: 


P 


P 


f  (2.1) 


Here  X  is  the  distance,  D  is  the  detonation  velocity,  t 
is  the  time,  u  is  the  particle  velocity,  Mis  the  mass, 
c  is  the  sound  speed,  L  is  the  explosive  charge  length, 
yP  is  the  density  ,and  is  the  density  of  the  solid 
unreacted  explosive. 


Simple  relations  between  the  detonation  parameters 
can  be  obtained  by  using  the  equation  of  state  1.1 
together  with  the  Chapman-Jouguet  hypothesis  and  the 
conservation  equations  (see,  for  example,  Jacobs  (2), 
or  Price  (3)).  Denoting  by  J  the  conditions  immediately 
behind  the  detonation  front,  i.e.,  the  conditions  on  the 
line  OA  in  Figure  1,2,  a  number  of  these  relations  can  be 
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The  flow  in  regions  II  and  III  of  Figure  1.2  must 
satisfy  the  continuity  and  momentum  equations 
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When  the  equation  of  state  1.1  is  used,  Taylor's  solution 
for  the  flow  in  region  II  of  Figure  1.2  is  the  centered 
simple  wave  with  the  properties 


u  +  c  =• 


(2.5) 


c  =  - 


'  (2.6) 

In  region  II,  since  the  flow  in  this  region  is  isentropic 


p  ■  (“Srj 

(2.7) 

2.8  and  1.1, 

(2.8) 

-  _  2c-/ 

^  ~  y-i 

(2.9) 

X  - 

(2.10) 

(2.11) 

e  =  j  c 

(2.12) 

E  -  si- 

^  yCY-0 

(2.13) 

Consider  the  explosive  charge  to  be  divided  into  zones 
of  equal  mass,  m,  and  let  the  zone  interfaces  be  labeled 
by  the  subscript  j  and  numbered  from  one  through  j  max. 
Conservation  of  mass  requires  that 


=  /  o  Xfr. 

J,  '  Je 


(2.14' 


209 


Aziz I  Hurwitz,  Sternberg 


Inserting  2.10  and  2.12  into  2.14  and  integrating  gives 


-0i( 

^c) 

Yi‘t 
\  y-'t 

(2.15) 

or 
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III.  The  Special  Case  Where  /  is  Equal  to  Three. 


Simple  formulas  for  the  piston  motion  and  the  energy 
transmitted  to  the  piston  are  obtained  when  the  constant, 
y  in  1.1  is  taken  equal  to  three  and  the  weak  reflect¬ 
ed  shock  is  approximated  by  a  compression  wave.  The  wave 
approximation  for  the  reflected  shock  implies  that  t  e 
characteristics  in  the  rarefaction  fan  in  region  II,  of 
Fiqure  1.2,  do  not  change  slope  after  crossing  the  shock. 
When  y  is  equal  to  three  all  of  the  characteristics  are 
straight  lines.  The  positive  characteristics  intersecting 
the  piston  path  in  Figure  1.2  are  then  straight  lines 
emanating  from  the  point  0.  The  above  stipulations  and 
equation  2.5  imply  that  2.5  is  satisfied  on  the  piston 
path.  Let  m  be  the  mass  of  the  piston  and  let 

r' 


/I  = 


(3.1) 


The  set  of  equations  which  must  be  solved  to  obtain  the 
piston  motion,  for  the  special  case  considered  here,  can 
now  be  written 


-  -  .  X 

u  +  c  =  — 

(3.2) 

t 

(3.3) 

r  27 

(3.4) 

D  . 

dt 
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Here,  3.4  is  obtained  from  2.11  by  setting  y  equal  to 
three.  The  required  starting  values  for  the  piston 
motion,  assuming  a  rigid  piston,  are 

^  ^  “  27  '  ^a“  '  >  *  (3.6) 

The  starting  value  for  results  from  the  fact  that 

u  +  C  is  equal  to  one  on  the  line  OA  in  Figure  1.2  (see 
2.2),  and  from  the  wave  approximation  which  implies  that 
does  not  change  slope  on  crossing  the  reflected 

shock. 


On  the  piston  path  let 
^  =  C  f  . 

From  3.7  and  3.2, 

X  -  o(  i  u  , 

and  differentiation  of  (3.8)  gives 

dsL  -  . 

di  ^  di 

From  3.9,  3.3,  3.4  and  3.7, 


d  i 


27 


Integration  of  3.10  along  the  piston  path,  starting 
at  A  in  Figure  1.2,  results  in 


(3.7) 


(3.8) 


(3.9) 


(3.10) 


-I 


Insertion  of  3.11  into  3.9  gives 

cl  0 


which,  on  integration  gives  the  piston  velocity  as 

27 


*  I  "* 


32  n. 


(3.11) 


(3.12) 


(3.13) 
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Formulas  3.11,  3.13  and  3.8  give  t,  u  and  X,  on  the  piston 
path,  in  parametric  form.  The  terminal  velocity  of  the 
piston  can  be  obtained  as  follows:  From  3.11,  t  ^ 
implies 

Inserting  3.14  into  3.13  gives  the  terminal  piston 
velocity  as 


(3.14) 


-  -  1  ^ 

'  /6/t 


fO^W)  -] 


The  formula  3.15  can  be  written 


(3.15) 


where 


(3.16) 

(3.17) 


The  fraction  of  the  chemical  energy  transmitted  to 
the  piston  is  given  by 

_££.  =  -ii  =  • 

m.E.  WeE. 

The  value  of  Eq  given  by  2.2  has  been  used  in  3.18. 

Using  3.16  and  3.17  in  3.18  leads  to 

256  il-t) 

27  (£  +  1/  (3.19) 

Maximizing  3.19  yields  the  result  that  the  fraction 
of  the  chemical  energy  transmitted  to  the  piston  is 
greatest  when  £  is  equal  to  two.  From  3.17,  this 
corresponds  to  a  ratio  of  explosive  mass  to  piston  mass 
of  81/32.  Formula  3.19  shows  that  the  fraction  of  the 
chemical  energy  transmitted,  for  this  value  of  /t  ,  ia 
256/729. 


IV.  The  Finite  Difference  Method 

The  flow  behind  the  accelerating  piston  and  the 
piston  motion  for  the  cases  where  x  is  different  from 
three  were  determined  by  a  finite  difference  procedure, 
programmed  for  the  IBM  704  computer.  The  method  used  is 
an  explicit  Lagrangian  scheme  in  which  the  shock  is 
replaced  by  an  abrupt  but  continuous  transition  in  the 
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flow  variables.  The  von-Neutnann  and  Richtmyer  "q" 
method  (8,  9), usually  employed  to  effect  this  transition, 
is  not  used  here.  Instead  the  Lax  stagger  method  (7) 
is  used  in  the  shock  region,  i.e.  for  those  mesh  points 
with  the  property  ,  and  a  conventional  differ¬ 

encing  of  the  hydrodynamic  equations  is  used  in  the 
rarefaction  regions. 

To  write  the  hydrodynamic  equations  for  plane 
unsteady  flow  in  Lagrangian  form  let 

M  =  f  V  ^  , 

where  py  and  Ay  are  the  density  and  position  of  the 
iK  ^  ^ 

•i  particle  at  zero  time.  Then 


du 

aP 

az*  ® 

am 

(4.2) 

av 

a  u 

aM 

(4.3) 

aX  - 

u 

at^ 

(4.4) 

-  P<Jv  . 

(4.5) 

The  energy  equation  in  conservation  form  is  used  in  the 
Lax  stagger  scheme.  Here  4.5  is -replaced  by 

3?  ~  “aTT  ' 

(4.6) 


The  above  equations  were  differenced  in  the  following 
way:  The  mass,  mj,  of  the  two  zones  which  meet  at  the 
interface  labelel  j  is  obtained,  for  .4  *2  through  j  max-1, 
from 


(4.7) 


The  two  difference  schemes  are  then: 
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•  fl-t  X 

Normal  Scheme  (used  for  rarefaction  points,  ^  f 


r»-« 


n  R,-+,  “ 

- 

(4.8) 

y"  =  X""  + 

A  j  -J 

(4.9) 

Vy  *  Vy  +  rtiy 

(4.10) 

e;  -b;--  P-Vv^r-.^^v 

(4.11) 

p"  -  . 

(4.12) 

stagger  Scheme  (used  for  shock  and  constant  state  points 


-I  X  X 

t  ^  -/-I  / 


•^-1  ^ 


,  ’  ■■ 

2 

/  *  ^ 

H-l 

.  Xy.. 

z 

n-i 

V,>l 

+ 

z 

II 

m 

1- ! 

w-l 

i-  hy., 

p  _  p 

±L  -  At 


n-* 

~  At 


2  ^  4 


(4.13) 

(4.14) 

(4.15) 


^*>-1  w-l 

_  W-n  ~  R-i  A  t 


p"  = 


(4.16) 

(4.17) 


For  the  present  problem  the  explosion  products  were 
divided  into  zones  of  equal  mass  so  that,  for  j  =  2 
through  j  max-1,  _  , 

7  -ymax  - 1  .  ( 4 . 18 ) 
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A  single  stability  criterion  was  used  for  all  points, 
the  time  step  for  each  cycle  being  chosen  by 


At  =  minimum  over  all  of 


(4.19) 


The  machine  computation  was  started  at  the  time  tA 
in  Figure  1.2,  i.e,,  when  the  detonation  front  has 
just  reached  the  piston.  Initial  values  for  the  flow 
variables,  for  the  points  j  »  1  through  j  max-1,  were 
computed  from  the  Taylor  solution  (formulas  2.9  -  2.17). 
The  initial  value  of  the  particle  velocity  at  the  point 
j  max,  being  the  initial  piston  velocity,  was  taken  equal 
to  zero.  The  initial  pressure,  volume  and  energy  at  j  max 
were  then  obtained  by  applying  the  Rankine-Hugoniot 
equations  across  the  reflected  shock.  This  gives 


(4.20) 


'  (4.21) 
(4.22) 


Here,  as  before,  the  subscript  J  refers  to  the  Chapraan- 
Jouguet  conditions. 


During  each  time  cycle  the  boundary  points,  j  =  1 
and  j  ®  j  max,  were  treated  as  follows:  At  j  =  1,  the 
zero  pressure  bouridary  condition  leads  to  the  difference 
equation,  for  the  velocity. 


(4.23) 

The  position  of  the  first  point,  X",  was  computed  from* 
4.9,  using  c/,'' from  4.23.  The  normal  scheme  (4.8  -  4.12) 
was  always  used  for  j  =  2,  so  that  pp  and  were 
never  used,  directly,  in  the  computation.  At  j  »  j  max 
the  acceleration  of  the  piston  is  given  by 


or 


It  "  P 

_<du  _  /z. 


(4.24) 

(4.25) 
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where  /l  is  defined  by  3.1  and  m.  is  the  mass  of  one  zone 
The  corresponding  difference  equation,  centered  in  time, 
is 


n-f 

n  /T> _  rVV»i«»%  ^  if- 


(4.26) 


The  pressure  and  specific  volume  at  j  =  j  n^ax  were 
obtained  by  extrapolation.  Consider  the  pressure 
gradients  at  the  points  If  2  and  j  max  in  Figure  4.1. 


Figure  4.1 

Linear  extrapolation  of  the  gradients  gives 


ml 

-z 

-  ^  Vdm 

!'  -  m 

Here, 

p.’' 

V*^rr»«.x  — • 

and 

Un4 
/aP  _ 

p"? 

'  -J  •VWLTC-  1 

> 

van/, 

In 

From  4.2  and  4.25 

/ <^P  ^  -  ( ^  ^ 

Inserting  4.28  -  4.30  into  4.27  gives 

r\ 

A  similar  procedure  was  used  to  obtain 
Using  the  equation  of  state  1.1  to  replace  E  in  4. 


/r  P 

~  —  /c  r  •irha\f, 


c/v-.-^c/P, 


(4.27) 

(4.28) 

(4.29) 

(4.30) 

0 

(4.31) 
5  gives 

(4.32) 
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so  that  for  j  =  j  max,  using  4.  32  and  4.30, 

/  N”  __  n. 

The  same  process  used  to  extrapolate  the  pressure 
now  gives 


(4.33) 


^majr 


An  additional  restriction  was  inserted,  namely,  if 
computed  from  4.31  is  greater  than 

_  pv,-.  ^  „ 


(4.34) 
,  then 


are  used  in  place  of  4.31  and  4.34.  This  restriction  is 
needed  during  the  first  few  cycles  where  it  prevents  the 
pressure  at  the  piston  from  exceeding  the  initial  pressure, 
p*  ^  calculated  from  4.20. 

y*kr%AX 

The  computer  program  consists  of  the  following  steps: 


1.  Read  data:  ^  L  ,  D 

2.  Initialize.  Divide  gas  into  zones  and  use  the  Taylor 
solution  (2.9  -  2.17;  to  obtain  ut  X*  v"> 

^  for  j  =  1  through  j  max-1,  ^Compute  ’  ’  •  ^  ^ 

Ey,„.x^rom  4.20  -  4.22. 

3.  Print  initial  conditions. 


4.  Advance  time  cycle  number. 

5.  Compute  time  step,  using  4.19. 

6 .  Compu t  e  (a  »  for  j  “  2  through  J  max-1. 

7.  Compute  ,  X,'  for  j  2  through  j  max-1,  using  the 

normal  scheme  for  (ao),>o  and  the  stagger  scheme  for 

(Au),^0.  ^ 

8.  Compute  X”,  • 

9.  Compute  Vy  for  J  =  3  through  J  max-1,  using  the 
normal  scheme  for(AuJi,<>o  and  the  stagger  scheme  for 

<o  .  Use  the  normal  scheme  to  compute  . 

10.  Compute  ,  P^'  ,  (4  ^  fQj,  j  b  3  through  j  max-1, 

using  the  normal  scheme  forCAwly>Cand  the  stagger 
scheme  forCA'j)-!  .  Use  the  normal  scheme  for 

E"  and^c')  . 
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11.  Compute  Rjwx,  using  4.31  and  4.34. 

^  H 

12#  fox  ^  ^yti>\a.x  y  ^  > 

n  Q  C" 

V  ^  ^  £_.  -^Vv>a>  . 

13  Print  the  time,  time  step  and  values  of  the  flow 
variables  for  specified  time  cycle  numbers. 

14.  Test  for  piston  acceleration  equal  to  zero; 

If  no  -  return  to  4. 

If  yes  -  print  time,  time  step,  values  of 
flow  variables  for  each  j,  and  stop. 


V.  Computation  Results  and  Conclusions 

Machine  computations  were  made  for  twelve  cases, 
covering  the  explosive  charge  to  piston  mass  ratios  1,  3, 

6  and  10,  and  values  of  2.5,  3.0  and  3.5  for  the  constant 
y  in  the  equation  of  state  1.1.  The  finite  difference 
procedure  described  in  Section  IV  was  started  at  the  time 
the  detonation  front  first  reaches  the  piston  (Figup  1.2j, 
the  initial  values  of  the  flow  variables  being  obtained 
from  the  Taylor  solution  (2.9  “  2.16)  and  the  formulas 
4.20  —  4.22. 


The  pressure  distribution  at  various  times  after 
the  start  of  the  piston  motion  is  shown,  for  a  typical 
machine  run,  in  Figure  5.1.  The  Taylor  wave,  the  reflect¬ 
ed  shock,  and  the  rarefaction  wave  emanating  from  the 
piston  may  be  seen  here. 


Figure  5.2  consists  of  plots,  for  ^  =  3,  of 
versus  time,  where  is  the  piston  velocity  and  is 
the  terminal  piston  velocity.  For  a  typical  experimental 
arrangement,  where  the  charge  length  is  10  centimeters, 
the  detonation  velocity  is  0.8  centimeterymicrosecond, 
and  the  exolosive  mass  to  piston  mass  ratio  is  3,  it  is 
seen  from  the  figure  that  ninety  percent  of  the  terminal 
piston  velocity  is  acquired  within  the  first  12.5  micro¬ 
seconds  after  the  detonation  front  first  reaches  the 
piston. 


As  a  consequence  of  the  scaling  properties  (see  2.1) 
which  apply  when  the  equation  of  state  1.1  is  used,  the 
twelve  machine  runs  suffice  to  determine  the  effect  of 
the  detonation  parameters  on  the  energy  transmission 
process,  for  most  practical  problems  encountered  with 
military  explosives.  The  values  of  obtained  in 

the  machine  computations  are  listed  in  Table  5.1,  for 
the  different  values  of  y  and  the  mass  ratio  4L.  . 
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Figure  5.1  Pressure  plots  showing  the  Taylor  wave  and  the  reflected  shock  for 
typical  piston  motion  problem. 
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Table  5.1 

Scaled  Terminal  Piston  Velocity  versus  a.  and  X 


Machine 

Computations 

Analytic 

Solution 

/L 

>'=  2.5 

7^=  3.0 

>'=  3.5 

X=  3.0 

1 

0.2363 

0.1932 

0.1635 

.1930 

3 

0.4420 

0.3623 

0.3083 

.3619 

6 

0.5857 

0.4809 

0.4097 

.4803 

10 

0.6860 

0.5634 

0.4809 

.5637 

The  explicit  solutions  for  the  special  cases  where  x  is 
equal  to  three  (formula  3.15)  are  also  given  in  Table 
5.1.  for  comparison  with  the  machine  computations.  These 
results  are  plotted  in  Figure  5.3.  Figure  5.4  consists 
of  plots  of  the  fraction,  £y»^pie  fo  ,  of  the  chemical 
energy  transmitted  to  the  piston  versus  A,  ,  for  the 
three  values  of  /  .  These  were  obtained  from  Table  5.1 
via  the  formula 

—  ■■  ^ 


(5.1) 

2.2  has  been  used 

for  Eo  . 

Since,  from  2.2, 

V  2  (y^-,) 

(5.2) 

the  results  in  Table  5.1  can  be  plotted  in  the  form 

versus  /t-  for  the  different  values  of  y  .  This 
is  done  in  Figure  5.5,  where  the  three  curves  are  found 
to  coincide  within  about  2.5  percent  in  the  values  of 
the  ordinate.  Since  the  quantity  u^/l^  is  insensitive 
to  the  value  of  X  ,  the  explicit  formula  obtained  for 
X  =  3  gives  a  good  approximation  for  any  X  in  the 
range  of  2.5  -  3.5.  From  3.15  and  5.2, 

c  r  »A  1 ' 

A  }  I  —  fl'*’  —  /  7 

4IE,|  I  27  ;  'J 

(2.5-<Xi3.5-)-  (5.3) 

The  result  that  the  terminal  piston  velocity  depends 
almost  entirely  on  and  /x. ,  end  is  insensitive  to  the 
form  of  the  detonation  wave,  appears  significant  for 
practical  work  with  condensed  explosives.  For  a  fixed 
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chemical  energy  ,  a  change  in  ^  from  2.5  to  3.5 
will,  from  2.2,  redistribute  the  energy  in  the  Taylor 
wave  so  that  the  Chapman- Jouguet  pressure  is  increased 
by  67  percent  and  the  detonation  velocity  is  increased 
by  50  percent;  yet  the  increase  in  the  total  energy 
transmitted  to  the  piston  is,  from  Figure  5.4,  only  0.6 
percent  for^  =  1,  1.5  percent  for =  3  and  1.2  percent 
for  A-  =  10.  This  seems  to  explain  the  success,  in  the 
past,  of  formulas  in  which  is  given  as  a  function  of 
E  c  and  n-  . 
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ABSTRACT:  The  main  features  of  a  high  speed  computer 
program  for  the  analysis  of  transient  axially  symmetric 
explosion  and  shock  dynamics  problems  are  described.  The 
hydrodynamic  equations  determining  the  material  flow  are 
solved  numerically  by  the  von  Neumann-Rlchtmyer  method. 

The  program  contains  routines  to  accommodate  slippage 
along  Interfaces  between  dissimilar  materials;  e.g..  It 
can  be  used  to  determine  the  flow  of  gaseous  explosion 
products  venting  from  a  metal  tube.  Results  are  given 
showing  the  computed  two-dimensional  flow  of  metals  and 
gases  following  the  detonation  of  cased  solid  explosive 
charges . 

I.  Introduction 

The  computation  of  the  flow  of  gases  and  metals 
following  initiation  of  a  detonating  explosive  system  can 
be  characterized  mathematically  as  a  problem  In  transient, 
compressible,  flow.  Many  configurations  of  practical 
Interest  are  axially  symmetric  and  contain  several  flowing 
materials,  each  with  Its  own  equation  of  state.  Further 
complications  arise  due  to  the  presence  of  shocks  and 
violent  rarefactions.  The  solution  of  detonation  problems 
of  this  type,  out  of  the  question  ten  years  ago.  Is  now 
quite  practicable  by  means  of  present  day  electronic  compu¬ 
ters.  A  major  factor  In  this  development  has  been  the 
advance  In  experimental  physics  (l,  2)  that  has  resulted 
In  the  equations  of  state  of  metals  and  gaseous  products 
at  the  extreme  pressures  encountered  In  the  detonation 
of  condensed  explosives. 

The  AEG  laboratories  appear  to  have  made  the  greatest 
effort  to  exploit  the  possibilities  for  the  high  speed 
machine  computation  of  transient  flow  problems  In  two  space 
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dimensions.  A  number  of  unclassified  AEG  reports  (see,  for 
example,  (3)  and  (4))  deal  with  Lagrenglan  and  combined 
Eulerian-Lagrangian  machine  programs  wherein  the  shocks  are 
treated  , by  the  von  Neumann-Rlchtmyer  "q"  method  (5*  6),  as 
abrupt  but  continuous  transitions  In  the  flow  variables. 

The  NOL  work  has  been  Influenced  and  substantially  bene¬ 
fited  by  contacts  with  Lawrence  Radiation  Laboratory 
personnel  working  in  this  field. 


The  Naval  Ordnance  Laboratory  has,  for  some  time, 
been  engaged  in  the  construction  of  a  computing  machine 
program,  or  "code",  for  the  solution  of  axially  symmetric, 
time  dependent,  explosion  hydrodynamic  problems.  This 
Initial  effort  has  been  centered  about  an  explicit. 
Lagranglan,  finite  difference  scheme^ based  on  the  "q” 
method.  Sufficient  generality  has  been  maintained  so  that 
many  different  materials,  each  with  Its  own  equation  of 
state,  can  be  Incorporated  Into  a  single  problem.  Pro¬ 
vision  for  slippage  of  one  moving  boundary  past  another 
has  been  included,  mainly  for  use  in  venting  gases  from 
expanding  metal  tubes. 

Our  Intention  In  this  paper  Is  to  describe  the  main 
features  of  the  NOL  code,  called  "Cyclone”,  and  to  give 
some  results  obtained  In  a  test  problem.  The  test  problem 
Is  concerned  with  the  flow  following  the  Initiation  at  the 
center  of  a  steel  tube  filled  with  a  condensed  explosive. 
The  hydrodynamic  theory  and  the  difference  equations  are 
discussed  in  Section  II.  The  slippage  routine  and  the 
test  problem  are  considered  In  SectlonsIII.and  IV. 

The  Cyclone  code  was  originally  prepared  at  NOL  by 
A,  Gleyzal.  The  first  version  was  described  In  September 
1959  In  a  classified  paper  by  A.  Gleyzal,  H.  M.  Sternberg 
and  A,  D.  Solem.  The  code  has  been  substantially  rewritten 
by  the  present  authors,  who  added  the  boundary,  axis,  and 
slippage  routines  now  In  use.  The  stability  criteria  are 
due  to  J.  Enlg  (7). 

II.  The  Hydrodynamic  Theory  and  the  Difference  Equations 


To  write  the  hydrodynamic  equations  for  axially  sym¬ 
metric  flow  In  Lagranglan  form  denote  the  Lagranglan 
coordinates  by  k,  j2,  the  Eulerlan  coordinates  by  R,2^the 
velocity  components  by  u,  v,  the  density  by  f>  ,  the 
specific  volume  by  V  >  the  Internal  energy  by  E  ,  and  the 
pressure  by  The  continuity  equation  Is  then 

_  8.A..  (2  1) 

P  "  R^A"  "  ^  ' 

_  3CR.Z)  . 


where 


A  = 


(2.2) 
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and  the  superscript  o  refers  to  Initial  values  of  the 
variables.  Following  the  von  Neumann-Rlchtmyer  Idea,  an 
artificial  viscosity  q  Is  Introduced  and  the  pressure  In 
the  equation  of  motion  ,and  In  the  energy  equation  _,ls 
replaced  by 

P  =  (2.3) 

In  the  present  work,  the  variable  q  Is  taken  as 

%  ■  "  (2.^) 

where  b  Is  a  constant  that  Is  adjusted  to  give  the  desired 
sharpness  to  the  shock.  The  equations  of  motion  are  now 


__R  r 3^  -  aP 


(2.5) 


-R 

di-^ 

<=/!?  = 

f 

dt  . 

/  dt^ 

9P  aR  _  3P  3R 


dt  /  dt^ 


(2.6) 


(2.7) 


(2.8) 


and  the  energy  equation  Is 


^  _  P 

at  at 


(2.9) 


The  equation  of  state  of  each  material  present  In  the 
problem  Is  assumed  given  In  the  form 


-jo=  *  (2.10) 

A  simple  mechanical  model  Is  useful  In  connection 
with  the  finite  difference  approach.  In  this  model,  we 
consider  the  material  to  be  divided,  by  mesh  lines.  Into 
zones,  as  In  Figure  2,1,  with  Integer  values  of  k  and  JL 
used  to  label  the  mesh  points. 


228 


Figure  2,1 


The  variable  A  ,ln  equation  2.1, can  now  be  Interpreted  as 
the  area  of  the  zone  as  It  moves.  Mass  Is  conserved  by 
requiring  that  the  mass  of  each  zone  remains  constant  as 
Its  density  and  configuration  change.  To  each  mesh  point 
a  mass  Is  assigned  consisting  of  one-fourth  the  mass  of 
the  four  surrounding  zones.  We  think  of  the  problem  as 
one  of  determining  the  motion  of  these  mass  points.  Suppose 
that  the  values  of  all  the  flow  variables  are  known  at 
time  t*^  .  Having  chosen  a  time  step,  a  t,  the  accelera¬ 
tion  of  each  mass  point  Is  determined  from  the  pressures 
In  the  four  surrounding  zones.  The  new  velocity  components 
and  positions  of  the  points  are  then  found.  This  Is 
followed  by  computations  which  give  the  new  specific 
volumes,  pressures  and  energies  associated  with  each  zone. 

A  new  time  step  Is  then  chosen  and  the  entire  process  Is 
repeated . 

The  difference  equations  used  to  represent  2,1-2.10 
In  the  Cyclone  code  are  given  below.  Positions  and 
velocities  are  centered  at  the  mesh  points  and  subscripted 
Specific  volumes,  areas,  pressures,  artificial 
viscosities,  and  Internal  energies  are  located  at  the 
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centers  of  the  zones  and  carry  the  subscripts  \ 

Superscripts  are  used  to  denote  the  time  cycle  numbers. 

At  the  beginning  of  each  time  cycle,  the  time  t”  Is 
computed  from 

^  ^  (2.11) 

where  t””^ls  the  time  at  the  previous  cycle  and  Is 

the  time  step,  usually  determined  from  stability  considera¬ 
tions,  At  time  t*^,  the  quantities 


^  rt-'/i  n-'li.  r 


Y"  *’■'  p 

'-Ik-'/*.,  j  /-'h 


are  Icnowoj  for  n  ■  1  ,  from  the  given  Initial  data  and 
for  the  computation  for  the  previous  cycle.  We 

first  calculate  the  new  positions  of  the  mesh  points  from 


RI.  -  C  ^ 


w-Vt.  h-»/i 


(2.12) 


(2.13) 


The  new  positions  are  used  to  obtain  the  approximate  areas 
of  the  zones  by  a  straightforward  differencing  of  2.2. 

This  gives 

./aS'T  /ar  ./SSf  (^^'C 

(2.14) 


where 


ana 

faE.Y  r  f^T 

are  computed  In  a  similar  manner.  Insertion  of  these 
gradients  Into  2.14  gives  the  result  _ 

U  *1  \ 


(2.16) 
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The  value  of  R  at  the  center  of  each  zone  Is  computed  from 

i  (2.17) 


The  new  specific  volumes  are  now  obtained  by  using  2.1  In 
the  form  „  „ 

yfc-'/x,J?->K  "  w.  ,  ' 

Jk~<lxJ-'lx 

where  . « 


v:. 


> 

(2.18) 

■Vx. 

K  >->/x 

(2.19) 

J-'h. 

The  quantities  are  computed  once,  at  the  start 

of  the  problem  after'  applying  2.14  and  2.16  when  it-  ■  o. 
Following  compute 


(2.20) 


^  "  z 

iT-'/i.  b  -  ^  '4  (  'kj  "\/'<0 

(yZj-J  ’  (2.21) 

-  o  ,  V- 

We  now  obtain  and  from  the  following 

difference  equations  for  2,3,  2.9  and  2,10; 


(2.22) 


-  C  -  ^Jk-'lx,X-'h.  ■»  I 


(2.23) 

(2.24) 


n 

The  bracket  equations  are  solved  for  Vji,  ,, 

with  one  Iteration.  ~  ^  ' 
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In  calculating  the  Internal  energy 
for  an  explosive,  we  assume  a  detonation  wave,  with  a 
known  detonation  velocity,  starts  from  some  point,  or 
surface,  where  the  explosive  Is  initiated.  If  the  detona¬ 
tion  front  has  arrived  at  a  point  (k,  ^),  we  add  toHj^.i/j^p/, 
the  chemical  energy  of  the  explosive  contained  In  the 
zone  with  the  center (-A-’fe,  i-'/*).  The  equation  of  state  for 
the  gaseous  explosion  products  Is  used  for  this  zone  from 
this  time  onward.  If  the  detonation  front  has  not  passed 
through  the  zone,  we  use  the  equation  of  state  for  the 
solid  undetonated  explosive. 

At  this  stage  In  the  cycle,  a  time  Increment  Is 
computed  by  means  of  the  stability  criteria  (7)»  Let  c. 
be  the  sound  speed  and  define 


[(is I. 


Then,  for  all  zones,  we  compute 


ik-'/x,  Ph 


(2.25) 


/  .  V*  _  0.8  ) 

^  R? 


(2.26) 


and,  for  the  zones  where 


,  we  compute 


^  —  o5^  S-'tx. 


We  then  take 


over  all  k,^ 


z 


(2.27) 


(2.28) 

(2.29) 

(2.30) 


(2.31) 
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The  total  energy,  kinetic  plus  Internal,  Is  summed 
at  this  point  In  the  cycle  and  compared  with  the  total 
energy  known  to  be  In  the  system. 

The  pressure  gradients  and  acceleration  components 
are  now  computed  by  means  of 


where 

^ASl  ^  4  jf-'/x  '  (2.36) 

The  new  velocity  components  are  then  obtained  from 


»\+'/x 

-  U  -h  At. 

Jk^Ji 

.  ►» 

(2.37) 

ft.  .  v\ 

0  V\ 

=  ''m.s 

(2.38) 

We  now  have  R,?,E,P,a  ,1/^,  l»  ,  v  and  c  for  the 
entire  mesh.  The  time  Is  now^ ad vanced ,  via  2.11,  and  the 
cycle  la  repeated. 

The  Cyclone  code  Is  designed  to  accommodate  an  arbi¬ 
trary  number  of  rectangular  regions  In  the  fixed  Lagcanglan 
(kj  X)  grid,  each  with  Its  own  equation  of  state.  Input 
consists  of  first  assigning  numbers  and  boundaries  to  the 
regions,  e.g,, 

q  ^  <  IS  5- 

Values  of  the  Eulerlan  coordinates  of  the  mesh  points  and 
the  flow  variables,  at  time  t  «*  o,  can  be  Inserted  by 
means  of  tables.  It  Is  more  convenient,  however,  to  Insert 
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the  functions  R(k,  X) ,  ^(k,  ^),  '-'(k,  -£),  v(k,  ^), 

and  E(>fe-'/x,  f-7a.)  for  each  region  at 
t  ■  o.  An  Initialization  routine  then  computes  and  stores 
the  Initial  values  of  the  Eulerlan  coordinates  and  the 
flow  variables.  Following  the  Initialization,  a  first 
time  step  Is  assigned  and  the  process  outlined  above  Is 
started . 

Machine  output  consists  of  a  listing  of  I?,  ^  ,  u  , 
and  V  for  all  the  grid  points;  P  ,  E  and V  for  all  the 
zones;  and  other  variables  of  Interest,  at  specified  cycle 
numbers.  In  addition,  during  each  time  cycle,  the  position 
of  every  mass  point  appears  as  a  dot  on  a  cathode  ray 
oscilloscope  screen.  These  arrays  of  dots  are  photographed, 
thereby  providing  a  film  record  of  the  motion  of  the  mass 
points. 


Ill  The  Slippage  Routine 

The  finite  difference  scheme  based  on  the  Lagranglan 
formulation  of  the  flow  problem  suffers  from  the  disad¬ 
vantage  that  large  distortions  In  the  zones  occur  when 
neighboring  points.  In  the  Lagranglan  grid,  develop 
different  velocities.  These  distortions  Introduce  serious 
errors  through  their  effect  of  the  accuracy  of  the  pressure 
gradient  computations.  The  slippage  scheme  ,to  be  described 
here^ls  designed  to  overcome  this  difficulty  In  the  case 
where  a  gas  Is  venting  from  an  expanding  metal  tube.  The 
scheme  makes  use  of  the  fact  that  the  pressure  must  be 
continuous  across  the  gas-metal  boundary.  During  each 
time  step,  the  pressure  at  the  boundary  Is  determined  by 
interpolation  Involving  pressures  in  both  the  gas  and  the 
metal.  The  motion  of  the  gas  and  metal  during  the  time 
step  are  then  determined  independently. 

The  grid  system,  where  the  slippage  routine  is  to  be 
used.  Is  shown  In  Figure  3.1. 
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The  region  between  the  k  lines  K1  and  KMAX,  In  Figure  3.1* 
consists  of  metal.  The  gas  is  contained  in  G1  through  Kl, 

It  should  be  noticed  that  the  gas  region  Is  zoned  so  that 
all  mass  points  are  Interior  points,  l.e,,  the  space  between 
the  lines  GMAX  and  Kl  Is  occupied  by  a  half  zone  of  gas, 
for  which  the  mass  Is  contained  In  the  mass  points  on  the 
line  GMAX,  The  Lagranglan  Ji  lines  In  the  gas  are  not 
connected  to  the  X  lines  In  the  metal.  Figure  3.2  is  an 
enlarged  view  of  a  section  of  the  gas-metal  boundary  after 
both  the  gas  and  the  metal  have  been  set  Into  motion. 


The  computations,  which  Include  the  slippage  along 
the  gas-metal  boundary,  proceed  as  follows;  At  the  begin¬ 
ning  of  each  time  cycle,  the  velocities  of  all  the  mass 
points  are  known.  The  new  positions,  for  all  the  points, 
are  computed  In  the  usual  way,  via  2,12  and  2,13.  The 
new  zone  areas  are  also  computed  In  the  usual  way  for 
G1  through  GMAX  and  Kl  through  KMAX,  To  find  the  areas 
of  the  half  zones  between  the  lines  GMAX  and  Kl,  the  * 
lines  through  GMAX-1  and  GMAX  are  extended  to  meet  the 
metal  boundary  Kl  and  the  points  of  Intersection  are 
computed.  The  areas  of  the  half  zones, formed  by  this 
process, are  then  computed  In  the  usual  way,  using  2.l6,  The 
specific  volumes,  pressures  and  Internal  energies  are  then 
found,  via  2.18-2,24,  for  all  the  zones.  Including  the  half 
zones.  We  next  determine  the  pressures  along  the  gas-metal 
boundary  In  the  following  way;  Consider  the  point  labeled  1 
In  Figure  3.2,  A  line  through  the  points  3  and  1  Is  ex¬ 
tended  Into  the  gas  region  and  the  closest  half  zore  centers,  4 
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and  5  on  both  sides  of  the  line  are  found.  Since  the 
pressures  at  3,  ^  and  5  are  known,  the  pressure  at  1  can 
be  obtained  by  Interpolation.  To  do  this,  we  use  the  areas 
of  the  triangles  shown  in  Figure  3.3. 


Figure  3.3 


Denote  these  areas  by  4.34  and  ,  as  shown  in  the 

figure.  The  interpolation  formula  used  is  then 

p  _  P-4  A  ^  A 

^  ^134  +  4  A  ms 


Since  the  gas-metal  boundary  pressures  are  now  available, 
the  motion  of  the  metal  half  masses  located  on  the  inter¬ 
face  can  be  determined  by  the  same  method  used  for  the 
points  on  the  outer  metal  boundary  KMAX  (Figure  3.1).  One 
scheme,  which  appears  to  work  quite  well,  consists  of 
computing  the  acceleration  at  the  points  between  K1  and  K2 
and  assigning  these  accelerations  to  points  on  Kl,  e.g. 
the  acceleration  centered  at  the  point  6  in  Figure  3.2 
is  assigned  to  the  point  7. 


IV  A  Test  Problem 

The  application  of  the  Cyclone  code  to  the  solution 
of  a  detonation  problem  is  illustrated  in  this  section. 
The  problem  consists  of  determining  the  axially  symmetric 
flow  following  initiation  at  the  center  of  a  steel  tube 
filled  with  high  explosive.  The  configuration  is  shown 
in  Figure  4.1. 


Figure  4.1 
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The  flow  is  symmetric  about  both  the  R  and  S  axes; 
hence,  only  one-fourth  of  the  cross  section  shown  in 
Figure  4,1  need  be  considered  in  the  computation.  The 
zoning  of  the  problem  for  the  Cyclone  code  was  done  as  in 
Figure  3.1,  with  38  grid  lines  In  the  S  direction  and  19 
grid  lines  in  the  R.  direction.  The  outer  five  zones 
consisted  of  metal  and  the  gas-metal  boundary  was  considered 
as  a  sliding  interface.  The  equation  of  state  of  the  steel 
was  taken,  from  a  fit  to  data  given  in  (l),  as 

-p  =  O.  Z'ISyU  +7.2  8^* 


where 


The  equation  of  state  of  the  solid  unreacted  high  explosive 
was  taken  as 


•jo  ■=  o.  \2  8yu  -v-  \<={ju? 

with  the  initial  density =  1.68.  The  equation  of  state 

E  =  /y-\  , 

with  y  *s  2.82  and  the  detonation  velocity  O.78I  cm  per 
microsecond,  was  used  for  the  gaseous  explosion  products. 
Expansion  into  a  vacuum  was  assumed. 

The  detonation  was  started  at  the  center  of  the  tube 
in  Figure  4.1,  i.e.,  at  the  origin  in  Figure  3,1.  The 
spherical  detonation  front  emanating  from  the  center  first 
reaches  the  steel  tube,  and  sends  a  shock  into  it,  at  the 
plane H  .  The  initial  layout  and  subsequent  positions 
of  the  metal  and  gas  points  are  shown  in  Figures  4,2, 

4,3  and  4.4.  Figure  4.2  is  the  initial  configuration. 

In  Figure  4,3>  the  detonation  front  has  Just  reached  the 
outer  surface  of  the  explosive,  at  the  axis.  Figure  4.4 
shows  the  configuration  at  a  later  time  after  part  of  the 
gas  has  vented  and  the  tube  has  expanded  to  about  1,6 
times  its  initial  diameter. 
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R 


Figure  4.2  The  computation  grid  for  the  case  expansion 
problem  (t  =  o).  The  outer  five  zones  consist  of  steel. 
The  remaining  zones  contain  a  solid  high  explosive. 


Figure  4.3  The  grid  points,  for  the  case  expansion 
problem,  at  9.7  microseconds  after  Initiation  at  the 
center.  The  detonation  front  has  just  reached  the 
explosive  surface  at  the  axis.  The  k  lines  In  the 
metal  are  not  shown. 
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PRESSURE  PROFILES  IN  DETONATING  SOLID  EXPLOSIVE 


G.  E.  Hauver 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Abstract 


The  dependence  of  the  electrical  conductivity  of  s'olphur  upon 
pressure  is  used  to  measure  a  pressure -time  profile  for  detonating 
Baratol.  The  measurements  indicate  an  initial  pressirre  spike  and  lend 
further  confirmation  to  the  hydrodynamic  theory  of  detonation  proposed 
by  von  Neumann.  Preparation  of  a  sulphur  pressure  transducer  is  des¬ 
cribed,  along  with  the  method  of  calibration  and.  preliminary  perfonnance 
tests . 


Introduction 

Alder  and  Christian(^) ,  in  1956,  reported  a  large  increase 
in  the  electrical  conductivity  of  some  ionic  and  molecular  crystals 
when  these  materials  are  subjected  to  transient  pressure  in  the  order 
of  250  kilobars.  They  proposed  that  the  materials  undergo  a  tran¬ 
sition  to  the  metallic  state.  Joigneau  and  Thouvenin^^) ,  in  1958^ 
reported  a  large  increase  in  the  electrical  conductivity  of  crystalline 
sulphur  when  it  is  subjected  to  high  transient  pressure,  but  detected 
no  sudden  or  discontinuous  transition  to  metallic  conduction.  The 
experimental  arrangement  for  their  investigation  is  shown  in  Figure  1. 
From  their  results,  it  was  inferred  that  a  modified  system  should 
permit  the  use  of  sulphur  as  the  active  element  of  a  pressirre  trans¬ 
ducer  for  measurements  well  into  the  kilobar  range. 

Preparation  of  a  Sulphur  Pressure  Transducer 

Figure  2  shows  the  modified  system  that  has  been  used  for  the 
investigation  to  be  described.  A  thin  disc  of  sulphur,  0.0050  inch 
thick  and  9/52  inch  in  diameter,  is  insulated  in  Teflon.  Teflon  was 
selected  for  two  reasons.  First,  it  is  nearly  a  perfect  impedance 
match  for  crystalline  sulphur.  Second,  it  is  a  non-polar  plastic 
and  does  not  generate  spurious  current  signals  when  subjected  to  high 
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FIGURE  I 

Conductivity  Setup 


FIGURE  2 

Modified  Sulphur  System 
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transient  pressioreC^^ ^)  ,  Magnesium  electrodes  are  used  in  a  further 
effort  to  match  impedances.  The  system  is  prepared  by  machining  a 
shallow  cavity  in  the  Teflon  base.  The  Teflon  is  drilled  and  the 
electrodes  are  pressed  into  place,  with  care  taken  not  to  defomi  the 
Teflon.  Vacuum  melted  siilphur  is  cast  into  the  cavity,  and  after 
solidifying,  the  excess  is  ground  away  leaving  a  thin  disc  of  sulphur 
to  bridge  the  electrodes.  Teflon  front  insulation,  usually  0.010  inch 
thick  is  bonded  to  the  surface  with  an  epoxy.  The  epoxy  is  now  the 
greatest  source  of  impedance  mismatch,  but  work  is  in  progress  to 
prepare  an  epoxy  with  the  correct  impedance.  Care  must  be  taken  not 
to  subject  the  sulphur  disc  to  thermal  or  mechanical..shock,  as  fine 
cracks  are  readily  formed .  If  a  crack  extends  between  electrodes ,  air 
apparently  is  introduced,  and  a  long  diuration  signal  results.  Trans¬ 
verse  cracks  in  the  interelectrode  area  apparently  are  filled  with 
epoxy  when  the  Teflon  front  is  bonded  on,  and  this  tends  to  reduce 
or  eliminate  conduction  through  the  interelectrode  sulphur. 

With  care,  the  0.0050-inch  sulphior  dimension  can  be  held  to 
within  0.0001  inch,  and  this  thickness  permits  adeq.uate  time  resolution 
for  most  measuirements .  A  0.010- inch  Teflon  front  permits  the  sulphur 
to  be  close  to  the  point  where  the  measurement  is  desired,  and 
minimizes  attenuation.  The  Teflon  front  can  be  reduced  in  thickness, 
but  the  magnesixam  electrodes  p\mch  through  sooner.  For  measurements 
to  be  reported,  a  punch- through  time  of  about  5  microseconds  is  found 
for  the  0.010- inch  thickness. 

Calibration 


Figure  3  shows  the  experimental  arrangement  used  for  cali¬ 
bration.  A  plane  detonation  wave  impacts  an  aluminum  plate  that  is 

maintained  at  ground  potential  to  remove 
any  charge  effects  that  might  be  associated 
with  the  detonating  explosive.  The  plate 
thickness  controls  the  pressure  to  which  the 
sulph-ur  is  subjected.  A  representative  con¬ 
ductance-time  signal  for  the  sulphur  is  shown 
at  the  left.  The  minimum  sulphur  resistance 
(maximum  conductance)  is  related  to  the  shock 
front  pressure.  Figure  4  shows  sulphur- 
resistance  vs.  pressure.  Resistivity  values 
appear  along  the  right  ordinate .  The  upper 
curve  relates  the  resistance  to  tbe  pressure 
in  the  aluminum  determined  from  the  known 
equation  of  state  by  measured  values  of  free 
STorface  velocity.  The  lower  curve  relates 
resistance  to  the  estimated  pressure  to  which 
the  sulphur  was  actually  subjected. 

For  resistance  greater  than  5000  ohms,  the  accuracy  of  the 
calibration  is  doubtful.  Two  sources  apparently  contribute  to  the 
conductance  signal.  The  sulphur  conducts,  but  there  is  also  a  small 
contribution  believed  to  come  from  ionized  gaseous  imp;arities  in  the 
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Calibration  System 


PRESSURE  (KILOBARS) 

FIGURE  4 -CALIBRATION  CURVE 
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system.  When  the  pressiore  is  above  75  kilohars,  conduction  by  the 
sulphur  dominates,  and  the  contribution  by  impurities  is  not  significant. 
Below  this  pressure,  the  contribution  by  ionization  becomes  more 
significant  and  measurements  are  progressively  less  significant. 

Appropriate  EC  circuits  are  used  for  the  measurements .  They 
consist  of  a  known  resistor  in  series  with  the  sulphur  element.  A 
constant  voltage  is  maintained  across  the  combination,  and  potential 
drop  across  the  resistor  is  recorded  with  an  oscilloscope.  From  this 
measurement,  the  resistance  of  the  s\ilphur  is  determined  and  related 
to  pressure  by  the  calibration  curve . 

Plate  Impact  Tests 


To  shoW;  in  a  more  or  less  semi -quantitative  way,  that  the 
sulphirr  is  indicating  true  pressure -time  profiles,  several  tests  were 
performed  with  impacting  plates.  Figure  5  shows  a  sketch  of  the^ 
system  that  was  used  because  data  and  component  parts  were  immediately 
available.  Teflon-front  thickness  of  l/l6,  l/8  and  5/l6  inch  was 
used  to  allow  different  degrees  of  attenuation  before  measurement  of 
the  pressure-time  profile  by  the  sulphur.  Figure  6  shows  the  measured 
pressure-time  profiles.  Unfortunately,  the  impacting  plate  produced 
pressures  near  the  confidence -borderline  region  of  the  calibration  curve 
(about  75  kilobars).  Nevertheless,  some  significant  features  are 
evident.  As  the  Teflon  thickness  increases,  it  is  evident  that  the 
rarefaction  is  reducing  the  pressure-time  profile  to  a  spike.  In 
going  from  1/16**  to  5/l0*of  Teflon;,  the  width  of  the  pulse  top  is 
reduced  from  0.55  to  0.12  microsecond.  The  width  of  the  pulse  top  is 
in  the  order  to  be  expected,  but  little  can  be  said  about  the  pulse 
width  at  lower  pressure.  Of  the  four  curves,  1  and  2  show  the  most 
evidence  of  conduction  by  ionized  impurities .  It  is  not  known  why  the 
pressure  in  the  test  with  a  l/8-inch  thick  front  was  about  7  kilobars 
higher  than  in  other  tests.  More  informative  tests,  with  impacting 
plates  producing  maximum  pressures  of  150  to  200  kilobars  in  the 
sulphur,  are  planned. 

Profile  Measurements  with  Detonating  Explosive 

A  number  of  tests  were  performed  in  which  a  sulphur  trans¬ 
ducer  was  placed  against  the  end  of  a  Baratol  cylinder .  67-55  Baratol 

was  selected  because  the  present  sulphur  configuration  does  not  lend 
itself  to  accurate  measurement  of  pressures  as  high  as  those  encountered 
with  more  energetic  explosives.  The  Baratol  cylinder  was  2  inches 
in  diameter  and  5  inches  long,  with  a  2  x  5  inch  Pentolite  booster. 
Figure  7  shows  the  pressure-time  curves  obtained.  The  lower  curve 
indicates  the  pres s\are -time  profile  at  the  interface  as  recorded  by 
the  sulphur.  Actually,  three  tests  were  used  to  cover  the  pressure 
range.  Figure  ^  shews  the  transducer  signal  for  the  first  portion 
of  the  curve.  To  join  the  curves  from  the  three  tests,  it  was 
necessary  to  make  slight  displacements  in  the  time  direction.  However, 
the  maximum  displacement  necessary  was  0.06  microsecond,  but  this  is 
not  considered  excessive  since  zero  time  is  not  established  with  much 
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Figure  5 •  Plate  Impact  Test 


TIME  (  MICROSECONDS) 

Figure  6.  Plate  Impact  Pressure  Profiles 


247 


200 


Hauver 


248 


D  1.5  2.0  2.5  3.0 

TIME  (MICROSECONDS)  FIG.  7  Profiles 


Hauver 


better  accioracy 


A  pressure  profile  for  detonating  Baratol  was  calculated 
from  the  first  portion  of  the  interface  pres sure -time  curve,  which  is 
the  portion  interpreted  to  represent  the  reaction  zone.  The  interface 

e<iuation(5)  P  (p  D  +  p  D  ) 

P  s  ^  X  X  s  s 

X  =  p-^ - 

s  s 

was  used.  In  this  equation,  P,  p  and  D  are  pressure,  density  and  shock 
(detonation)  velocity.  Subscripts  x  and  s  refer  to  the  explosive  and 
sulphur . 


The  pressure-time  curve  indicates  the  von  Neuiriann  spike 
followed  by  the  Taylor  wave.  The  initial  pressure  of  I90  kilobars  is 
not  the  maximum.  The  initial  pressure  is  limited  by  the  rise  time  of 
the  conductance  circuit,  and  attenuation  during  passage  through  the 
'thickness  of  Teflon  between  the  explosive  and  the  sulphur.  For 
measuring  the  initial  portion  of  the  pressure-time  curve,  0.005-inch 
thick  Teflon  insulation  was  used.  A  Teflon  front  has  consistently 

indicated  a  pressure  from  5  to  10  kilobars  higher  than  that  measured 
with  a  10-mil  front.  The  curve  indicates  a  C-J  pressure  of  approximately 
150  kilobars,  although  this  point  is  not  sharply  defined.  The  accuracy 
of  these  pressure  values  depends  upon  the  accuracy  with  which  the  inter¬ 
face  pressure  was  estimated  when  the  sulphur  was  calibrated,  “^he 
aluminum  pressiore  as  determined  by  free  surface  measurements  and  the 
equation  of  state  is  not  in  doubt,  but  at  present  there  is  some  doubt 
as  to  the  exact  position  of  the  Hugoniots  for  the  materials  in  the 
sulphur -Teflon  system. 

The  spike  width  is  judged  to  be  0.2  microsecond,  indicating 
a  reaction  zone  width  of  one  millimeter.  An  expanded  view  of  the 
spike  is  shown  in  Figure  8.  (Figirre  10  shows  the  actual  transducer 
signal) .  The  lower  curve  in  Figure  8  is  the  pressure-time  profile 
at  the  interface  as  recorded  by  the  sulphur.  The  upper  curve  is  the 
profile  estimated  for  detonating  .Baratol .  The  profile  is  believed  to 
suggest  a  reaction  rate  determined  by  grain  burning(5) ,  No  sharp 
change  of  slope  is  observed  between  the  spike  and  the  Taylor  wave, 
and  it  is  not  presently  known  if  this  is  a  characteristic  of  the 
reaction,  the  explosive  dimensions  or  circuit  limitations.  For  this 
measurement,  0.010- inch  thick  Teflon  front  insulation  was  used,  limiting 
the  measured  pressure  to  about  180  kilobars.  Rise  time  limitations 
are  evident,  and  for  this  particular  test  the  rise  time  is  judged  to 
be  0.07  or  0.08  microsecond. 

Conclusions 


The  use  of  sulphur  as  a  pressure  transducer  is  not  in  a  state 
of  perfection,  but  the  elimination  of  spurious  contributions  to  the 
conductance  signal,  better  impedance  match  throughout  the  system  and 
modified  configurations  for  use  at  higher  pressures  should  achieve 
greater  acciiracy  and  usefulness. 


249 


PRESSURE  (KILOBARS) 


Hauver 


TIME  (MICROSECONDS) 

Figure  8.  P-T  Profiles 
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Pressiore-time  measurement  with  the  present  sulphur  trans¬ 
ducer  in  contact  with  detonating  Baratol,  gives  clear  evidence  of  an 
initial  pressure  spike,  and  lends  additional  confirmation  to  the 
hydrodynamic  theory  of  detonation  proposed  by  von  Neumann  and  others. 
The  sulphur  transducer  appears  capable  of  good  resolution  over  that 
portion  of  the  pressure-time  curve  corresponding  to  the  reaction  zone, 
and  may  offer  a  method  for  investigation  of  the  reaction  process. 
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DECAY  OF  EXPLOSIVELY- INDUCED  SHOCK  WAVES 
IN  SOLIDS  AND  SPALLINGS  OF  ALUMINUM 


John  0.  Erkman 

Poulter  Laboratories,  Stanford  Research  Institute 
Menlo  Park,  California 

ABSTRACT 

Experiments  are  reported  in  which  aluminum  plates  were 
caused  to  spall  by  explosively-induced  oblique  shock  waves.  The 
work  is  principally  directed  toward  developing  techniques  for  per¬ 
forming  reproducible  experiments  with  aluminum,  and  for  testing 
the  scaling  laws  for  spalling.  Results  indicate  that  simple 
scaling  laws  apply  to  the  phenomenon  of  spalling  of  aluminum  plates 
if  the  explosive  load  exceeds  1/4  inch  in  thickness  and  the  plate 
thickness  exceeds  1/2  inch. 

Flow  in  the  plates  is  essentially  steady  state  and  two- 
dimensional.  Such  flows,  when  supersonic,  may  be  calculated  by  the 
method  of  characteristics  for  hydrodynamics.  These  calculations 
give  the  value  of  the  flow  variables,  including  the  pressure,  every¬ 
where  in  the  plate.  Comparison  with  experimental  data  indicates 
that  aluminum  spalls  at  a  pressure  of  about  -33  kilobars. 

I  INTRODUCTION 

After  a  high  amplitude  shock  wave  is  reflected  from  a 
free  surface  of  a  specimen,  one  or  more  thin  layers  of  material 
may  be  separated  from  it.  This  phenomenon  is  known  as  spalling 
or  scabbing.  The  shock  wave  may  be  induced  by  the  detonation  of 
a  high  explosive  (HE)  charge,  usually  in  contact  with  the  specimen. 
Inasmuch  as  the  shape  of  the  pressure  pulse,  along  with  the 
properties  of  the  material,  determines  the  thickness  and  number 
of  spalls,  all  charges  of  HE  will  not  cause  spalling.  Work  reported 
herein  was  undertaken  to  investigate  the  dynamic  tensile  strength 
of  aluminum  by  observing  the  spalling  of  explosively  loaded  aluminum 
plates.  The  ultimate  goal  of  the  present  study  is  to  determine  dynamic 
tensile  strength  of  aluminum  as  observed  in  spalling;  an  important 
part  of  the  work  has  been  to  develop  methods  for  producing  stable 
flow  and  to  establish  validity  limits  for  geometric  scaling,  which 
is  important  for  theoretical  interpretation. 

For  ease  of  interpretation  the  induced  shock  wave  must  be 
plane,  propagating  in  the  direction  of  a  normal  to  its  wave  front. 
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or  two  dimensional  and  steady  with  the  medium  in  a  state  of  plane 
strain.  Spalling  resulting  from  explosively  induced  one-dimensional 
shock  waves  has  been  studied  by  Rinehart  (^)  and  Broberg. 

Rinehart  analyzed  his  experiments  with  the  aid  of  elastic  theory 
and  arrived  at  values  for  the  normal  fracture  stress  for  five  metals, 
which  are  2  to  5  times  greater  than  static  tensile  strengths.  Broberg 
considered  both  elastic  and  plastic  waves  and  predicted  the  number 
of  spalls  by  assuming  a  value  for  the  rupture  stress.  His  experimental 
results  indicate  that  the  spall  thickness  for  steel  did  not  scale 
when  all  linear  dimensions  of  the  experiments  were  simultaneously 
increased  by  a  given  factor. 

Further  theoretical  work  based  on  elasticity  and  plasticity 
assumptions  has  been  given  by  Kumar.  (^)  At  these  Laboratories,  Dally  (^) 
reported  on  the  spalling  of  mild  steel  under  explosive  attack  in  one— 
and  two-dimensional  geometry.  Analysis  of  Daily’s  experiments,  as  well 
as  of  Broberg’s  scaling  experiments,  are  complicated  by  the  multiple 
waves  generated  in  steel.  (®)  Analysis  of  all  one-dimensional  experi¬ 
ments  is  difficult  as  far  as  scaling  is  concerned,  because  the 
explosive  thickness  is  not  well  defined.  For  example,  Dally  used  a 
plane-wave  generator  to  produce  a  plane  detonation  front  in  the  high 
explosive  pad.  This  added  an  unknown  confinement  to  the  detonation 
product  gases,  so  that  the  effect  of  changing  the  thickness  of  the 
explosive  is  not  clearly  discernible.  In  this  report,  only  the  two- 
dimensional  case  Is  considered.  Results  of  several  experiments  are 
reported,  as  well  as  the  calculated  pressure-time  curves  along  stream¬ 
lines  in  aluminum. 


II  EXPERIMENTAL  PROGRAM 


A.  EXPERIMENTAL  SETUP 

In  order  to  investigate  scaling  for  aluminum  spalls, 
several  experiments  were  performed,  in  each  of  which  the  ratio  of 
the  thickness  of  the  aluminum  plate  to  the  thickness  of  the  ex¬ 
plosive  was  the  same.  A  ratio  of  2;1  was  used  for  most  of  the  work 
reported  herein;  the  basic  experimental  arrangement  is  shown  in 
Figure  1.  One  surface  of  the  aluminum  was  lapped  so  that  the  ex¬ 
plosive  made  good  contact  with  the  metal  surface.  As  an  aid  in 
determining  the  spall  thickness,  a  grid  with  a  l/2~inch  spacing  was 
engraved  on  the  free  surface  of  the  metal  so  that  a  piece  with  a 
known  area  could  be  cut  from  the  recovered  spall  and  weighed.  Point 
initiation  was  used  in  all  shots,  the  point  of  initiation  being 
separated  from  the  end  of  the  metal  by  a  distance  approximately 
equal  to  the  width  of  the  specimen,  as  shown  in  Figure  1. 

Breakup  of  aluminum  spalls  was  minimized  in  some  experiments 
by  the  use  of  aluminum  side  and  an  end  bar  for  momentum  traps,  as 
shown  in  Figure  2.  The  assembly  was  loaded  with  explosive  as  shown 
in  Figures  3  and  4:  Composition  B-3  was  used  over  the  specimen,  and 
Composition  C-3,  a  plastic  explosive,  served  as  the  leader  and  the 
loading  over  the  end  bar  and  the  side  bars.  The  loaded  shot  was  then 
placed  in  a  bafe  of  thin  plastic,  floated  on  water,  and  fired.  The 
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FIG.  1 

EXPERIMENTAL  ARRANGEMENT 


6A-960 


SIDE  BAR 


LAPPED  SURFACE 
OF  SPECIMEN 


FIG.  2 

ALUMINUM  SPECIMEN  READY  FOR  LOADING 
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BLOCK  OF  FOAM  PtASTtC  TO  HOLD 
COMP  8  m  CONTACT  WITH  SPECIMEN 


C-3  OVER 
SIDE  BAR 


BOOSTER  LOCATION 


l*V  WOOD  SPACER 


2'*  THICK 
FOAM  PLASTIC 


FIG.  3 

LOADED  SHOT  READY  FOR  BOOSTER  AND  ELECTRIC  DETONATOR 
The  Composition  B-3  slab  is  heid  in  contact  with  the  aluminum 
by  the  block  of  foam  plastic  and  tape.  The  wood  spacer  separates 
the  aluminum  free  surface  from  the  bottom  block  of  foam  plastic 


FIG.  4 

END  VIEW  OF  LOADED  SHOT  SHOWING  COMPOSITION  B-3 
OVER  SPECIMEN  AND  C-3  OVER  SIDE  BARS 
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spall  traversed  a  l~inch  air  gap  and  2  inches  of  low  density  foam 
plastic  before  encountering  the  water  barrier.  Excellent  recovery 
was  made  as  shown  in  Figures  5  and  6. 

B.  RESULTS  AND  REPRODUCIBILITY  OF  EXPERIMENTS  USING  ALUMINUM 

Results  of  twelve  experiments  for  which  the  ratio  of  plate 
to  explosive  thickness  is  2:1  and  4il  are  listed  in  Table  I, 


TABLE  I 

EXPERIMENTAL  RESULTS  FOR  ALUMINUM  SPALLS 
(Columns  Labeled  A,  B,  and  C  Refer  to  Fig.  1) 


SHOT 

NO. 

A 

(In.  ) 

B 

(In.) 

C 

(In.) 

EXPLOSIVE 
(In.  thick) 

SPALL 

(In.  thick) 

SPALL  TO 
EXPLOSIVE 
THICKNESS 
RATIO 

PLATE  TO 
EXPLOSIVE 
THICKNESS 
RATIO 

4547“ 

4 

0.253 

0.125 

MmM 

0.696 

2.02 

4548" 

4 

0.502 

0.250 

HI^B 

0.620 

2.01 

4549“ 

6 

1.003 

0.500 

mmSM 

0.536 

2.01 

4550“ 

6 

1.502 

0.750 

0.640 

2.00 

6383“ 

7 

12 

1.980 

0.990 

0.531 

0.536 

2.00 

4442*' 

6 

0.326 

0.082 

0.081 

0.99 

3.98 

4443*’ 

6 

0.489 

0.125 

0.116 

0.93 

3.91 

4543“ 

6 

1.003 

0.250 

0.180 

0,720 

4.01 

4054' 

6 

0,997 

0.250 

0.173 

0.693 

3.99 

4544“ 

6 

1.503 

0.375 

0.267 

0.712 

4.01 

4444^ 

6 

1.994 

0.500 

0.382 

0.765 

3.99 

4546*’ 

^9 

8 

3.003 

0.750 

0.463 

,0.617 

4.00 

®  2024  T4  aluminum 
^  2017  T4  aluminum 
^  HOOF  aluminum 


As  side  and  end  bars  were  not  used  in  most  of  these 
experiments,  some  of  the  spalls  were  badly  broken,  so  that  thickness 
was  not  reliably  determined  for  the  thicker  spalls.  In  most  cases, 
the  spall  thickness  was  determined  by  cutting  out  a  portion  of  the 
spall,  using  the  engraved  grid  lines  as  a  guide,  and  weighing  the 
sample.  Reliable  measurements  require  a  piece  of  the  spall  with  no 
taper  and  with  an  area  of  at  least  2  square  inches. 

Eight  additional  experiments  are  reported  in  Table  II.  These 
were  designed  to  minimize  side  effects  by  using  the  side  bars  shown 
in  Figures  2,3,  and  4.  Two  sets  of  experiments  were  performed  to 
test  the  reproducibility  of  spall  production  by  0.5-inch  and  0.75- 
inch  explosive.  In  each  set  of  four  experiments,  the  aluminum  was 
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FIG.  5 

RECOVERED  SPALL  SHOWING  ORIGINAL  FREE  SURFACE  SIDE 
Detonation  traveled  from  right  to  left 


FIG.  6 

FRACTURE  SURFACE  OF  ALUMINUM  SPALL 
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TABLE  II 

REPRODUCIBILITY  OF  ALUMINUM  SPALLS  FROM  5.5  x  8  INCH  PLATES 
WITH  SIDE  AND  END  BARS 


SHOT 

NO. 

PLATE 
THICKNESS 
( inches ) 

EXPLOSIVE 
THICKNESS 
( inche  s) 

SPALL 
THICKNESS 
(inches ) 

SPALL  TO 
EXPLOSIVE 
THICKNESS 
RATIO 

4640 

1.0055 

0.5015 

0.270 

0.54 

4641 

1.0074 

0.5015 

0.277 

0.55 

4642 

1.0065 

0.5015 

0.283 

0.56 

4643 

1.0062 

0.5015 

0.278 

0.55 

4729 

1.5042 

0.752 

0.423 

0.56 

4730 

1.5060 

0.752 

0.424 

0.56 

4731 

1.5038 

0.752 

0.422 

0.56 

4732 

1.5064 

0.752 

0.430 

0.57 

twice  as  thick  as  the  explosive.  Spalls  from  the  1.5-inch  aluminum 
show  an  end  effect,  as  indicated  by  the  taper  in  the  cross  section 
of  the  thick  spall  in  Figure  7.  This  effect  required  that  the  spall 
thickness  be  measured  near  the  end  of  the  spall ,  farthest  removed 
from  the  detonator,  in  order  to  approximate  the  steady  state  spall 
thickness.  With  this  precaution,  reproducibility  was  good  for  both 
sets  of  experiments. 

Results  for  aluminum  are  presented  graphically  in  Figure  8. 
For  a  ratio  of  2:1,  the  spall  thickness  is  observed  to  be  relatively 
independent  of  the  dimensions  of  the  experiment,  particularly  for 
explosive- thickness  greater  than  1/4  inch.  This  indicates  that 
absolute  lengths,  such  as  the  reaction  zone  length  in  the  explosive, 
or  absolute  times,  such  as  the  delay  time  for  fracturing,  are 
relatively  unimportant.  If  these  observations  can  be  substantiated  by 
further  experimental  work,  the  theoretical  treatment  of  the  spalling 
problem  will  be  simplified. 

Those  experiments  for  which  the  aluminum  plate  was  four 
times  as  thick  as  the  explosive  did  not  yield  good  results  be¬ 
cause  they  were  performed  before  techniques  were  perfected  for 
recovering  aluminum  spalls.  Those  data  must  be  confirmed  with 
further  experimental  work. 

Ill  HYDRODYNAMICS  AND  SPALLING 
A.  INCIDENT  SHOCK  WAVE 

Intensity  and  location  of  an  explosively-induced  oblique 
shock  and  the  flow  behind  the  shock  may  be  calculated  by  applying 
hydrodynamic  theory.  Both  the  explosive  product  gas  and  the  speci¬ 
men  material  are  regarded  as  nonviscous,  non-heat-conducting  fluids, 
with  known  equations  of  state.  Calculations  are  further  restricted 
to  those  cases  for  which  the  flow  is  supersonic  in  both  the  speci¬ 
men  and  in  the  gas,  so  that  the  method  of  characteristics  applies. 
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FIG.  7 

END  TO  END  CROSS  SECTION  OF  ALUMINUM  SPALLS 
Thin  spall  from  1.0  inch-plate,  thick  spall  from 
1.5  inch-plate.  Detonation  propagated  from  left 
to  right  leaving  noticeable  taper  in  the  thick  spall 


0  0.2  0.4  0.6  0,8  1.0 

EXPLOSIVE  THICKNESS  —  Inches 


FIG.  8 

RESULTS  OF  SCALING  INVESTIGATIONS  FOR  ALUMINUM  SPALLS 
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Circulation  in  both  media  has  been  neglected.  A  Chapman- Jouguet 
detonation  is  assumed,  and  the  front  is  assumed  to  lie  in  a  plane. 
Figure  9  shows  in  cross  section  a  slab  of  explosive  of 
unit  thickness  in  contact  with  a  semi-infinite  slab  of  metal.  Flow 
in  the  detonation  product  gas  has  been  described  previously,  as 
well  as  the  flow  in  a  semi-infinite  specimen.  In  the 

specimen,  the  shock  ABCD  ...  is  overtaken  by  elements  of  a  simple 
wave  originating  at  the  free  surface  of  the  explosive  and  which 
are  refracted  into  the  metal  at  points  MNO  ....  These  elements 
are  characteristics  of  Family  II,*  and  a  point  such  as  C  is  located 
by  the  intersection  of  a  segment  of  an  oblique  shock  BC  with  the 
characteristic  NC.  Pressure  and  all  fluid  properties  are  assumed 
to  be  constant  in  a  polygon  or  field  such  as  MBCN  in  Figure  9, 


D 


FIG.  9 

PHYSICAL  PLANE  FOR  A  SLAB  OF  EXPLOSIVE  OF 
UNIT  THICKNESS  AGAINST  A  SEMI -I NFINITE 
SPECIMEN 


For  alximinum,  pressure  P  in  megabars  and  density  p  in 
g/c.c.  are  related  by 


P  =  0.189 


[nr  - 


(1) 


The  notation  of  References  7,  8,  and  9  is  used  in  this  section 
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where  is  the  normal  density,  2.785  glo^c.  Constants  in  Equation  (l) 
where  obtained  by  fitting  the  data  of  Walsh  et  al ,  For  the  gas, 

the  polytropic  equation  is  used, 

P  =  0.0275p2'‘3^‘^  .  (2) 

Constants  in  this  equation  were  obtained  by  fitting  the  Chapman  - 
Jouguet  point  for  Composition  B-3 .  This  explosive  contains  60^ 

RDX,  40^  TNT,  and  has  a  detonation  velocity  and  density  of  0.80 
cm/jisec  and  1.73  g/c.c.  respectively.  Such  an  equation  of  state 
is  useful  over  a  wide  range  of  pressure,  and  gives  good 

results  when  employed  in  calculating  the  pressure-time  profile 
of  an  explosively-induced  oblique  shock  in  water. 

B.  REFLECTION  OF  THE  SHOCK  AT  THE  FREE  SURFACE 

Introduction  of  the  free  surface  at  y  =  t  complicates  the 
problem  as  shown  in  Figure  10 ,  which  shows  the  flow  pattern  near 
the  point  at  which  the  shock  contacts  the  free  surface  of  the 
specimen.  The  shock  is  reflected  at  the  point  T  as  a  simple, 
centered  wave,  elements  of  which  are  characteristics  of  Family  I. 
Characteristics  of  Family  II,  refracted  through  the  interface  at 
point  0  and  beyond,  interact  with  the  centered  simple  wave,  and  are 
finally  reflected  at  the  free  surface  as  characteristics  of  Family  I, 
Flow  near  the  specimen-gas  interface  is  unaffected  by  the  presence 
of  the  free  surface  until  the  characteristic  TUW  .  .  .  comes  into 
contact  with  the  interface.  Since  the  spall  is  thin,  the  region 
of  interest  lies  close  to  the  point  T  and  the  interaction  of 


X  6B-960-I2I 


FIG.  10 

CHARACTERISTIC  NET  NEAR  FREE  SURFACE  OF  SPECIMEN 
Origin  of  Coordinates  same  as  in  Figure  8 
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characteristic  TUW  .  .  .  with  the  interface  need  not  be  considered. 
Hence,  the  previous  results  may  be  used  and  all  that  remains  is  to 
determine  the  interactions  of  the  waves  to  the  right  of  the  point  T 
in  Figure  10, 

The  shock  is  approximated  as  a  series  of  straight  line 
segments,  so  point  T  may  be  located  by  intersecting  two  straight 
lines.  This  point,  and  the  known  points  OPQ  .  .  •  are  the  boundaries 
imposed  on  the  step-wise  solution  of  the  problem  in  the  physical 
plane.  Pressure  is  zero  (  or  negligible)  along  the  free  surface 
TEF  ,  .  . ,  so  that  fields  having  the  free  surface  as  a  boundary 
are  represented  in  the  hodograph  plane  by  states  on  the  zero 
pressure  circle;  for  the  equation  of  state  used  here,  Equation  (l), 
the  zero  pressure  circle  lies  inside  the  zero  density  circle. 

Metals  are  capable  of  supporting  relatively  large  "negative  pressures* 
for  which  the  density  p  is  less  than  the  normal  density  Pq; 
in  order  to  work  wi  i  states  in  the  hodograph  plane  between  the 
zero  pressure  circle  and  the  zero  density  circle,  it  is  necessary  to 
assume  that  Equation  (l)  is  valid  for  negative  pressures.  With  this 
assumption,  the  flow  in  the  metal  specimen  is  obtained  by  the 
method  used  in  References  7,  8,  and  9.  Sound  speed  for  any  point  in 
the  specimen  is  obtained  from  the  Hugoniot  equation  of  state  just 
as  in  the  case  of  a  fluid.  This  is  probably  the  most  drastic  assumption 
made  in  the  solution  of  the  problem. 

C.  RESULTS 

Results  of  the  calculations  are  partially  represented  by  Figure  11, 
where  many  of  the  fields  in  the  flow  pattern  are  labeled  with  a 
number  giving  the  pressure  in  kilobars  for  that  field.  The  calculations 
are  done  with  a  great  deal  more  detail  than  are  shown  in  the  figure. 
Three  streamlines  are  drawn  in  Figure  11,  for  which  the  y-coordinates 
are  2.35,  2.45,  and  2.55  ahead  of  the  shock.  Pressure  as  a  function 
of  X  is  given  for  these  streamlines  in  Figure  12,  as  well  as  for  the 
streamline  for  which  y  is  1.0  ahead  of  the  shock,  i.e.,  the  inter¬ 
face.  The  abscissa,  x  in  Figures  11  and  12  may  be  converted  to  time 
T  by  the  relation 

T  =  xd/D 

where  d  is  the  explosive  thickness  in  cm,  and  D  is  the  detonation 
velocity  in  cm/^sec.  The  time  scale  used  in  Figure  12  is  for  d  = 

1  cm  and  D  =  0.8  cra/jisec.  For  the  three  streamlines,  the  time  from 
maximum  pressure  to  a  pressure  of  less  than  -20  kilobars  is  about 
1.5  p.sec.  Pressure  decreases  slightly  thereafter  to  the  point  where 
the  solution  was  terminated.  Along  the  streamlines,  the  pressure 
eventually  increases  because  of  the  finite  pulse  duration  and  its 
eventual  reflection  from  the  interface  as  a  compression  wave.  The 
brief  duration  of  the  positive  pressure  phase  on  the  interior  stream¬ 
lines  compared  to  that  along  the  interface  (y=  l.O)  is  characteristic 
of  the  interaction  between  incident  shock  and  reflected  rarefaction. 

The  dynamic  tensile  strength  of  the  spalled  specimen  is 
estimated  by  comparing  the  measured  spall  thickness  with  the  pressure 
profile  along  a  streamline  corresponding  to  that  thickness.  The  mean 
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FIG.  11 

HYDRODYNAMIC  SOLUTION  FOR  A  SHOCK  IN  ALUMINUM  REFLECTED  AT  A  FREE  SURFACE 
The  number  in  each  polygon  gives  the  local  pressure  in  kilobars. 

Coordinates  are  the  same  as  in  Figure  8. 
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X“  explosive  thickness 


FIG,  12 

PULSE  SHAPES  FOR  EXPLOSIVELY  INDUCED  SHOCKS  IN  ALUMINUM 


spall  thickness  from  Figure  8  is  0.55  times  the  explosive  thickness 
for  explosive  thickness  of  1/2  inch  or  greater  and  for  a  metal 
to  explosive  thickness  ratio  of  two.  This  corresponds  to  the  stream¬ 
line  labelled  y  =  2.45  in  Figure  12,  along  which  pressure  reaches 
the  minimum  value  of  -33  kilobars.The  stress  required  for  spalling 
is  then  not  less  than  -33  kilobars.  Values  greater  than  this  are 
reached  earlier  on  streamlines  corresponding  to  thinner  spalls,  as 
indicated  by  the  profile  labelled  2.55  in  Figure  12.  On  the  basis 
of  the  assumptions  made  in  calculating  the  pressure  field  of  Figure  11, 
it  must  be  concluded  that  the  fracture  stress  for  aluminum  in 
triaxial  tension  is  33  kilobars  at  strain  rates  less  than  approximately 
4  X  10^  sec  This  strain  rate  is  estimated  from  the  slope  of  the 
2.45  curve  in  Figure  12  where  it  intersects  the  2.35  curve  and  from 
Equation  (l).  Failure  of  scaling  for  smaller  explosive  thickness 
may  reflect  the  effects  of  a  time  delay  to  fracture  or  finite 
length  of  the  explosive  reaction  zone,  or  both. 

IV  CONCLUSIONS 

Experimental  results  reported  here  indicate  that  spalling 
of  aluminum  plates  in  two-dimensional  steady  flow  scales  geometrically 
for  explosive  thickness  equal  to  or  greater  than  1/2  inch  and  for  a 
metal  to  explosive  thickness  ratio  of  two.  Comparison  of  spall 
thickness  with  hydrodynamic  calculations  yields  a  unique  value  of 
33  kilobars  for  fracture  stress  in  triaxial  tension.  This  value 
appears  to  be  independent  of  small  variations  in  aluminum  com¬ 
position;  it  is  three  times  the  value  reported  by  Rinehart  (^). 
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Results  with  a  metal  to  explosive  ratio  of  four  are  not 
definitive . 
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EFFECTS  OF  BOUKDARY  RAREFACTIONS  ON  IMPULSE 
DELIVERED  BY  EXPLOSIVE  CHARGE 


Boyd  C .  Taylor 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Introduction 


In  order  to  calculate  the  velocity  imparted  to  elemental  areas 
of  metal  liners  in  contact  with  explosive  charges  of  arbitrary  shape, 
it  is  necessary  to  make  drastic  simplifications  in  the  theoretical 
description  cf  the  process.  If  this  is  not  done,  then  long  runs  on 
large  size  computing  machines  are  required  to  handle  problems  that 
can  be  represented  in  two-dimensional  form  if  no  shear  occurs  between 
the  explosive  products  and  the  liner.  Problems  more  complicated  than 
this  require  enlargement  of  existing  computers.  Thus  there  is  a  need 
for  a  model  of  the  detonation  process  that  is  simple  enough  to  permit 
accurate  calculations  to  be  made  on  three-dimensional  charges  by 
medium  size  computing  machines .  Construction  of  such  a  model  requires 
mathematical  investigation  of  the  possible  simplifying  assumptions 
that  can  be  made  in  the  theory  and  accurate  experimental  data  by  which 
these  simplications  or  models  can  be  tested. 

This  is  a  report  of  the  initial  results  of  a  program  for 
acquiring  experimental  data  of  the  velocity  imparted  to  metal  elements 
in  several  simple  configurations.  These  data  are  then  compared  with 
predictions  calculated  by  rigorous  and  approximate  methods.  Exper¬ 
imental  data  are  presented  for  the  velocity  imparted  to  steel  elements 
by  three  charge  configurations:  (a)  from  the  ends  of  radially  con¬ 
fined  cylindrical  Composition  B  charges  of  1.625  inch  diameter  (D), 
from  l/2D  to  2  l/2D  long,  with  steel  elements  or  liner  from  l/64  inch 
to  1/2  inch  thick;  (b)  from  the  ends  of  unconfined  cylindrical 
Composition  B  charges  as  in  (a),  but  with  steel  elements  from  l/6k  inch 
to  1/8  inch  thick;  (c)  from  the  ends  of  unconfined  rectangular 
Composition  B  charges  with  cross-section  dimension  ratios  of  1,  2,  and 


The  experimental  results  are  compared  with  predictions  from 
the  one-dimensional  theory  developed  by  Rostoker,  and  with  predictions 
from  the  ^'release  wave"  approximation  developed  by  Eichelberger  for 
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three-dimenslonaL charges .  In  the  case  of  confined  cylindrical  charges, 
Rostoker’s  one -dimensional  theory  is  in  good  agreement  with  the  exper¬ 
imental  results  for  those  elements  close  to  the  axis  for  those  charges 
where  the  gas  flow  presumably  is  nearly  one -dimensional.  This  occurs 
for  charges  of  2D  or  shorter  length  having  steel  liners  of  l/l6  inch 
or  less  thickness.  The  simplifications  made  in  developing  original 
details  of  release  wave  approximation  appear  to  be  too  drastic  since 
velocity  calculations  made  by  this  method  show  very  limited  agreement 
with  the  experimental  data.  However,  the  release  wave  concept  still 
appears  to  be  a  valid  base  on  which  to  construct  a  simple  model. 

Experimental 


In  using  the  results  of  experiment  to  determine  the  valid 
simplifications  and  approximations  that  can  be  made  to  render  the  time 
dependent  three-dimensional  equations  that  describe  the  interaction 
of  the  metal-explosive  system  susceptable  to  calculation  by  computing 
machines  like  the  EDVAC  or  ORDVAC,  the  instantaneous  pressure  variable 
would  be  the  preferable  one  to  measure.  However,  no  such  pressure 
transducer  was  available  when  this  program  was  started.  Although 
some  recent  developments  appear  promising^^' ,  the  experimental 
measurements,  out  of  necessity,  were  restricted  to  measuring  the 
asymptotic  velocity  attained  by  identifiable  elements  of  the  metal 
liner.  Although  it  is  precisely  this  velocity  which  we  desire  to 
compute  theoretically,  experimental  knowledge  of  the  velocity  does  not 
provide  much  insight  as  to  how  the  theoretical  equations  can  be  simplified 
so  that  calculation  is  economically  feasible. 

Flash  radiographs  of  the  spacial  positions  of  the  liner 
elements  in  flight  and  electronic  measurement  of  the  time  of  fli^t 
give  the  experimental  average  velocity  of  each  element .  This  velocity 
is  then  corrected  for  air  drag  to  yield  the  initial  asymptotic  velocity 
for  each  element.  Although  acceleration  time  is  neglected  in  this 
computation  a  correction  for  it  can  also  be  included  when  the  acceleration 
curve  is  known. 

Since  the  object  in  most  of  the  experiments  is  to  determine 
the  effects  of  charge  boundaries  on  the  impulse  delivered  to  elements 
of  the  metal  liner,  it  is  necessary  to  pre-cut  the  metal  liner  into  the 
desired  size  elements  to  prevent  the  strength  of  the  material  from 
causing  Interaction  among  the  elements .  It  is  Important  to  cut  the 
elements  sTtis.l  l  enough  so  that  the  impulse  gradient  does  not  break 
them  up  ftirther,  since  it  is  difficult  to  determine  the  total  impulse 
of  such  an  element  if  it  breaks  into  several  pieces  of  unknown  mass, 
each  traveling  at  a  different  velocity.  However,  in  those  cases  where 
an  element  breaks  up  into  several  fragments,  all  traveling  at  the  same 
velocity,  the  impulse  can  be  measured.  This  is  sometimes-  the  case  with 
elements  shaped^ in  the  form  of  a  ring  such  as  would  be  used  on  the  end 
of  a  cylindrical  charge. 

Confined  Cylindrical  Charges:  For  this  series .of  tests 
1.625  inch  diameter  charges  of  Composition  B  as  shown  in  Figure  1 
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wore  used,*  Lengishis  V8»ried.  Trom  l/2D  "to  2  l/2D^  and.  tlie  steel  liner 
thickness  varied  from  l/64  inch  to  l/2  inch.  The  confinement  was 
mild  steel  of  l/4  inch  wall  thickness  .  Since  the  charges  have  circular 
symmetry,  the  liner  was  cut  into  a  series  of  nested  rings  of  diameter 
5/52  inch,  15/52  inch,  25/52  inch,  55/52  inch, ,45/52  inch,  and  1.625 
inch.  The  rings  were  further  cut  into  segments  for  some  of  the 
charges.  The  velocity  of  each  ring  has  been  plotted  at  the  radial 
distance  of  the  center  of  area  of  each  ring.  This  is  not  quite  correct 
when  the  impulse  gradient  is  changing  rapidly  with  radial  position,  in 
which  case  the  radial  position  at  which  the  ring  should  be  plotted  must 
be  computed  taking  into  account  the  impulse  gradient.  Figure  1  is 
a  sketch  of  the  charge  configuration  used.  All  charges  were  point 
initiated  at  the  rear  end,  using  a  booster  small  enotigh  to  have  no 
effect  on  the  liner  velocity.  As  shown  by  Figure  2,  l/4  inch  steel 
was  eq.ulvalent  to  an  infinite  thickness  of  steel  confinement  for  a 
2D  long  charge  with  l/l6  inch  steel  liner.  Figure  5  is  for  l/64  inch, 
1/52  inch,  1/16  inch,  and  I/8  inch  thick  steel  liners  with  various 
charge  lengths,  and  Figure  4  shows  the  velocity  curves  for  I/16  inch, 
1/52  inch,  l/lb  inch,  I/8  inch,  l/4  inch,  and  l/2-‘inch  thick  steel 
liners  with  2D  long  charges.  Figure  5  Indicates,  based  on  a  one  shot 
sample,  that  a  2D  long  charge  is  equivalent  to  an  infinitely  long 
charge  for  a  1/I6  inch  thick  steel  liner  in  l/4  inch  wall  steel 
confinement . 

The  velocity  of  the  outermost  ring  for  the  l/2  inch  thick 
steel  on  Figure  4  is  low  due  to  interference  from  the  inner  corner  of 
the  confining  steel  cylinder  which  has  spalled  off  and  is  observed 
on  the  radiograph  traveling  ahead  of  the  segments  of  the  outermost  ring. 


Unconfined  Cylindrical  Charges:  For  this  series,  1.625  inch 
diameter  charges  of  Composition  B  were  used  also.  Lengths  varied 
from  l/2D  to  2  l/2D,  and  the  steel  liner  thickness  varied  from  l/64  inch 
to  1/8  inch.  The  liners  were  pre-cut  into  a  series  of  Etested  rings 
and  mounted  in  a  1.625  inch  ID  by  2  inch  OD  steel  surround  of  the  same 
thickness.  The  purpose  of  this  surround  was  to  provide  radial  support 
for  the  outermost  ring  during  the  shock  acceleration  process  to 
minimize  breakup  of  this  ring.  However,  the  procedvire  was  not  entirely 
successful,  and  the  accuracy  of  velocity  of  the  outermost  ring  reported 
for  these  unconfined  shots  is  questionable  on  account  of  the  extreme 
break-up  suffered  by  this  outermost  ring.  Figure  5  is  for  l/64  inch, 

1/52  inch,  1/16  inch  steel  liners  with  various  charge  lengths,  and 
Figure  6  is  for  l/64  inch,  l/52  inch,  1/16  inch,  and  I/8  inch  steel 
liners  with  2D  long  charges . 

Unconfined  Rectangular  Charges:  For  this  series,  the  thick¬ 
ness  of  the  xmconfined  rectangular  Composition  B  charges  was  held 
fixed  at  1.125  inch,  while  the  width  was  made  1,  2,  and  5  times  the  thick¬ 
ness..  The  length  of  the  charge  was  6.75  inch  in  all  cases,  which  is 
effectively  an  infinite  length.  The  velocities  of  the  elements  along 
the  short  centerline  (I.125  inch)  of  the  charge  are  plotted  in 
Figure  7* 
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FIGURE  3 -COMPARISON  OF  VELOCITIES  IMPARTED  TO  STEEL  FRAGMENTS  OF 
VARIOUS  thicknesses  BY  l^e"  DIAMETER  CYLINDRICAL  COMP.  B 
CHARGES- OF  VARIOUS  LENGTHS  IN  1^4 "  WALL  STEEL  CONFINEMENT. 
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FIGURE  4.  COMPARISON  OF  VELOCITIES  IMPARTED  TO  STEEL 
FRAGMENTS  OF  VARIOUS  THICKNESSES  BY  1 5/0  DIAM¬ 
ETER  BY  3'/4  LONG  (2D)  CYLINDRICAL  COMR  B  CHAR¬ 
GES  IN  1/4"  WALL  STEEL  CONFINEMENT. 
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FIG.  5 -COMPARISON  OF  VELOCITIES  IMPARTED  TO  STEEL  FRAGMENTS  OF  VARIOUS 
THICKNESSES  BY  I  S/e"  DIAMETER  CYLINDRICAL  COMP.  B  CHARGES  OF 
VARIOUS  LENGTHS.  (UNCONFINED) 
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FIG.  6 -COMPARISON  OF  VELOCITIES  IMPARTED  TO 
STEEL  FRAGMENTS  OF  VARIOUS  THICK¬ 
NESSES  BY  1 5/8"  DIAMETER  BY  SJ'V’LONG 
(2D)  CYLINDRICAL  COMP  B  CHARGES. 
(UNCONFI.NED) 
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Theory  and  Approximations 

(2) 

Rostoker  has  given  a  theoretical  treatment  of  the  one¬ 
dimensional  problem  of  the  shock  mo tLon  of  a  liner  of  finite  thickness 
driven  by  a  semi-infinite  explosive  charge,  making  simplifying 
assumptions  as  to  the  equation  of  state  of  the  liner  and  of  the 
detonation  products  (polytropic  gas  law  with  gamma  of  3) .  He  has 
also  developed  the  equation  of  motion  of  a  finit<j  liner  driven  by 
an  explosive  charge  of  finite  length  (with  rear  end  expanding  into 
a  vacuum)  under  the  assumptions  of  a  rigid  liner  (one  whose  shock 
velocity  is  infinite)  and  a  polytpopic  equation  of  state: 


<’■!>  ■  “d 


1-27 

TSO! 


1  +  H 

I  27 


in  which  u,  (T  ) 

ii  li 


1  +  52  £D(  1  W 

N  2r  ^ 

liner  velocity  at  time  T_ 

li 

elapsed  time  after  detonation 

wave  reaches  liner 

ratio  of  mass  of  charge  to  mass 

of  liner,  per  unit  area 

length  of  charge 

detonation  wave  velocity 


As  the  time  — OO,  then  (co)  is  given  hy: 

(3) 

Eichelberger''  in  his  "release  wave"  approximation  starts 
with  the  atove  equation  and  mates  the  assumption  that  a  rarefaction 
from  the  charge  boundary  propagates  into  the  detonation  products 
at  a  constant  velocity  and  acts  so  as  to  drop  the  pressure  instan¬ 
taneously  to  zero  as  it  passes  over  any  point.  The  time  which  elapses 
between  the  detonation  wave  reaching  a  point,  and  the  first  of  the 
rarefaction  waves  from  any  of  the  charge  boundaries  reaching  the 
same  point  is  used  to  calciaate  the  effective  length  of  the  explosive 
charge  which  acts  on  that  point.  This  effective  charge  length  is 
used  in  equation  2  above  to  calculate  the  resultant  liner  velocity. 

In  this  approximation,  the  value  of  K  =  %/Ur)  is  equal  to  0.6  on  the 
basis  of  hydrodynamic  considerations,  althou^  in  the  past  sometimes 
it  has  been  used  as  a  disposeable  constant.  This  release  wave 
apprcKimation  is  in  use  at  C .  I .  T .  and  B .  R  L  for  computing 
the  performance  of  shaped  charges  of  various  configurations. 

Discussion  of  Results 


It  is  of  interest  to  detennine  the  degree  of  agreement  between 
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Rostoker's  one -dimensional  theory  and  the  experimental  firings  which 
are  most  likely  to  hehave  in  a  one -dimensional  manner.  These  are  the 
axial  elements  of  the  liners  of  the  confined  cylindrical  charges.  The 
experimental  velocities  of  the  axial  elements,  the  asymptotic 
velocities  calculated  hy  Rostoker's  equation  2,  and  the  ratios  of 
these  velocities  are  presented  in  Table  1  for  various  steel  liner 
i-irnpsHRS  and  Composition  B  charge  lengths . 

Table  1 

Experimental  and  Theoretical  Velocities 
For  1  5/8  inch  Diameter 
Composition  B  Charges  in  1/4  inch  Wall 
Steel  Confinement 


Charge 

Length 


l/2D 


2D 


Steel  Liner  Thickness 


1/64" 

1/52" 

1/16" 

1/8" 

1/4" 

1/2" 

Experimental 
Velocity  (MM/pSec) 

5.89 

3.04 

2.34 

1.65 

— 

Theoretical 
Velocity  (MM/pSec) 

4.54 

5.66 

2.74 

1.86 

Ratio  of 

Velocities 

0.86 

0.83 

0.85 

0.88 

— 

Experimental 
Velocity  (MM/pSec) 

5.07 

4.20 

3.55 

2.33 

1.57 

0.91 

Theoretical 
Velocity  (MM/pSec) 

5.95 

5.51 

4.54 

3.66 

2.74 

1.87 

Ratio  of 

Velocities 

0.86 

0.79 

0.74 

0.64 

0.57 

OA6 

Two  items  are  of  Immediate  interest:  (a)  the  fact  that  the 
velocity  ratio  reaches  an  upper  limit  at  about  0..^5  to  0.88;  and 
(b)  the  fact  that  the  velocity  ratio  decreases  as  the  liner  thickness 
increases  for  2D  long  charges . 


Referring  to  Figure  1,  it  can  be  seen  that  when  the  liner  moves 
forward  a  aistance  equal  to  its  own  thickness,  it  has  moved  out  of  the 
confinement  and  the  detonation  products  ,can  escape  radially.  It  was 
thou^t  that  this  process  could  account  for  at  least  part  of  the 
velocity  defect  shown  by  the  upper  limit  of  0.83  to  0.88  for  the 
ratio.  To  examine  this  further,  two  shots  were  fired,  one  with  the 
confinement  extended  l/^  inch  beyond  the  liner  surface,  and  the  other 
with  it  extended  1  inch.  The  results  are  plotted  in  Figure  8,  for 
a  l/l6  inch  thick  steel  liner  and  a  2D  charge  length.  The  velocity 
was  increase'd  about  6.5/^»  Thus  a  further  complication  will  be 
introduced  into  any  scheme  for  computing  velocities  of  confined 
liners.  Gas  leakage  thru  the  joints  of  the  pre-cut  liner  is  another 
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Fie.7-C0MPARIS0N  OF  VELOCITIES  IMPARTED  TO  1/10"  THICK  STEEL  FRAGMENTS  BY 
UMCONFIHED  RECTANGULAR  COMP.  B  CHARGES  I'/e"  THICK  AND  OF  VARIOUS 
•  IDTHS  AND  BY  A  |5/,"  CONFINED  CYLINDRICAL  COMP.  B  CHARGE.  ALL 
CHARGE  LENGTHS  EFFECTIVELY  INFINITE. 


FIG.8-EFFECT  OF  EXTENDING  CONFINEMENT  BEYOND  LINER  ON  VELOCITIES 
IMPARTED  TO  1/16"  THICK  STEEL  LINERS  BY  l«/*"  DIAMETER  BY 
3  W"  LONG  (2D)  COMP.  B  CYLINDRICAL  CHARGES  IN  1/4"  WALL 
STEEL  CDNFINEMENT. 
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process  that  might  cause  losses  sufficient  to  limit  the  maximum 
velocity  but  this  has  notbeen  investigated.  There  is  also  the 
Tjossibility  that  the  asymptotic  velocity  predicted  by  Rostoker's 
Muation  2  is  in  error  since  it  depends  ultimately  <iin  assumptions 
mde  concerning  the  equation  of  state  of  the  detonation  products . 


Rostoker^^^  in  comparing  the  equation  of  motion  of  a  liner 
driven  by  a  semi-infinite  charge  with  the  equation  of  motion  of  the 
same  liner  driven  by  a  charge  of  finite  length,  remarks  that  the 
curves  are  almost  identical  over  some  initial  interval  of  time.  That 
Is  it  takes  some  time  before  the  rarefaction  from  the  rear  surface 
anureciably  alters  conditions  at  the  liner.  If  the  curves  for  liner 
motion  according  to  equation  1  are  examined,  Figures  9,  10,  aM  11, 

■It  can  be  seen  that  for  a  2D  charge  length  that  the  experimental  veloc¬ 
ities  correspond  to  a  time  of  2.05,  2.10,  2.55,  2.20,  and  2.5 
respectively.  In  other  words,  over  the  steel  liner  thickness  range 
from  1/64  inch  to  l/2  inch,  Rostoker’s  one -dimensional  equation 
Yields  the  correct  experimental  velocity  if  one  assumes  the  acceleration 
process  is  terminated  after  about  2.0  to  2.5  microseconds.  This 
Lids  whether  the  liner  has  acquired  0.86  of  the  theoretical  as^totic 
velocity  as  in  the  case  of  l/64  inch  steel  or  whether  it  has  only 
acquired  0.46  as  in  the  case  of  l/2  inch  steel.  Since  this  dep^t^e 
from  one-dimensional  behavior  must  be  caused  by  the  expansion  of  the 
steel  confinement,  the  question  arises  of  how  a  confined  charge  of 
equal  length  but  of  a  larger  diameter  would  behave.  For  such  a 
charce,  one  would  expect  that  it  would  take  longer  for  the  rarefaction 
caused  by  the  confinement  expansion  to  affect  the  center  of  the  charge, 
and  consequently  the  experimental  velocity  should  increase  somewhat 
because  of  the  longer  acceleration  time  available. 


In  Figure  10  the  velocity  curves  for  both  confined  and 
unconfined  charges  with  1/4  inch  steel  liners  have  been  plotted  along 
with  u^  (T  )  calculated  by  Rostoker's  equation  1.  One  can  use  these 
curves  to^graphically  obtain  the  time,  as  a  function  of  radial  position, 
at  which  the  one-dimensional  acceleration  process  described  by 
Rostoker's  equation  would  have  to  be  terminated  to  produce  the  partic¬ 
ular  experimental  velocity  obtained  at  that  radial  position.  This 
time  vs  radial  position  is  plotted  in  the  lower  graph  for  both  confined 
and  unconfined  charges  and  in  Figure  11  for  l/52  inch  and  l/8  inch 
liners .  Examination  of  these  curves  particularly  for  the  \mconfined 
charges,  shows  that  a  possible  "explanation"  of  the  experimental 
Ygiocities  could  be  made  by  postulating  the  existence  of  a  delayed 
release  wave  which  drops  the  pressure  instantaneously  to  zero  and 
travels  at  constant  velocity  from  the  boundary  toward  the  axis  for 
about  2/5  of  the  distance  and  then  speeds  up  slightly  for  the  remain¬ 
ing  l/5  of  the  distance.  In  the  case  of  the  unconfined  charges  with 
1/52  inch,  1/16  inch,  and  1/8  inch  thick  steel  liners,  the  delay  in 
the  start  of  the  release  wave  would  be  about  0.5  microsecond  and 
the  release  wave  velocity  would  vary  from  6.5  mm/microsecond  for  the 
1/^52  inch  and  I/16  inch  to  6.75  mm/microsecond  for  the  I/8  inch  steel 
liner.  In  the  case  of  the  confined  charges,  the  delay  would  be  about 
1.0  microsecond  and  the  velocity  would  be  higher  than  for  the 
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FIGURE  9,  LINER  MOTION  CURVES  CALCULATED  BY  ONE¬ 
DIMENSIONAL  THEORY  FOR  V/4'  LONG  OOMR  B  CHARGES 
AND  STEEL  LINER  THICKNESSES  SHOWN. 
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FIGURE  10- PLOT  OF  ACCELERATION  TIME  (Tl),  BOTTOM.  AS 
DETERMINED  FROM  EXPERIMENTAL  VELOCITIES  AND 
THE  ONE -DIMENSIONAL  LINER  MOTION  CURVE,  TOP, 
for  1/16"  THICK  STEEL  FRAGMENTS  DRIVEN  BY 
iVe"  DIA.  BY  3'/4"  LONG  (20)  CYLINDRICAL  COMP 
B  CHARGES  IN  1/4"  WALL  STEEL  CONFINEMENT 
AND  UNCONFINED. 
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FIGURE  II.  PLOT  OF  ACCELERATION  TIMECTl)  FOR  1/32" 
AND  1/8  "THICK  STEEL  FRAGMENTS  DRIVEN  BY  I  S/e" 
DIAMETER  BY  3 '/V' LONG  (2D)  CYLINDRICAL  COMP  B 
CHARGES  IN  1/4"  WALL  STEEL  CONFINEMENT  AND  UN¬ 
CONFINED. 


281 


Taylor 


unconfined  charge  and  increase  continuously  toward  the  center.  In 
examining  these  curves,  two  points  should  be  kept  in  mind:  First, 
the  velocity  given  directly  by  the  slope  of  these  time -position 
curves  is  the  phase  velocity,  not  the  propagation  velocity;  second, 
the  time  used  in  these  plots  is  the  acceleration  time  during  which 
a  particular  element  of  the  liner  is  being  accelerated.  The 
acceleration  times  for  each  element  cannot  be  referred  to  a  common 
real  time  origin  unless  the  detonation  wave  is  a  plane  wave  perpen¬ 
dicular  to  the  charge  axis.  In  the  case  of  a  curved  detonation  wave, 
a  correction  for  the  time  of  arrival  of  the  detonation  front  must  be 
made  to  refer  the  acceleration  times  to  a  common,  real  time  origin. 

The  above  "explanation"  can  be  accepted  only  as  a  possible 
computational  aid,  since  it  tortures  the  one -dimensional  theory  on  which 
it  rests.  The  fact  that  such  an  explanation  can  be  made  is  almost 
obvious,  since  it  is  known  that  the  liner  velocity  decreases  from  the 
axis  to  the  boundary  of  the  charge,  and  if  one  employs  an  eqioation 
such  as  1  in  which  the  length  is  maintained  constant  and  the  velocity 
is  an  increasing  fuinction  of  time,  then  to  yield  the  desired  velocity 
distribution,  the  time  of  action  must  increase  from  the  boundary  to  the 
axis.  This  then  can  T;^e  interpretated  as  a  signal  propagating  inward 
from  the  boundary.  That  such  can  be  done  should  not  be  taken  as  proof 
of  the  physical  existence  of  a  delayed  discontinuous  release  wave. 

Fig\rre  12  is  a  comparison  of  experimental  velocities  for  a 
l/l6  inch  thick  steel  liner  with  an  unconfined  charge  2D  long  with 
calculations  made  using  the  fora  of  the  release  wave  approximation 
developed  by  Eichelberger  and  discussed  in  "Theory  and  Approximations" . 
Here  "K"  is  the  velocity  ratio  of  the  release  wave  to  detonation  wave. 

If  can  be  seen  that  while  the  correct  value  for  the  velocity  of  a 
limited  radial  range  of  the  liner  can  be  obtained  by  empirical  adjustment 
of  the  parameter  "K"  that  the  diapes  of  the  calculated  and  experimental 
velocity  curves  differ  considerably . 

Results  for  several  unconfined  rectangular  Composition  B 
charges  were  previously  presented  in  Figure  7.  The  velocities  are  for 
elements  positioned  along  the  short  center  liner  of  1.125  inch  (=T) 
thick  charges  of  Composition  B  in  which  the  width  was  IT,  2T,  and  31 
and  the  length  was  kept  at  6t  to  provide  an  essentially  infinitely 
long  charge.  The  liner  thickness  was  I/16  inch  steel.  This  limited 
series  suggests  that  a  width  of  2T  is  essentially  infinite  for  this 
liner  thickness.  A  further  item  of  considerable  interest  is  that  this 
1.125  inch  thick  charge  (and  essentially  infinite  width  and  length) 
imparts  the  same  velocity  to  a  I/16  inch  steel  liner  as  does  a  1.625  inch 
diameter  unconfined  cylindrical  charge  and  f\arthermore  the  shape  of 
velocity  vs  normalized  position  curve  is  the  same  for  the  slab  and 
cylindrical  charges . 

Conclusions 


Results  obtained  from  the  release  wave  approximation  and  from 
the  empirical  interpretation  of  Rostoker's  one -dimensional  equation  to 
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NORMALIZED  RADIAL  DISTANCE 

FIGURE  12- COMPARISON  OF  EXPERIMENTAL  VELOCITIES  WITH 
CALCULATED  VELOCITIES  USING  THE  RELEASE 
WAVE  APPROXIMATION  FOR  A  1/16"  THICK  STEEL 
LINER  DRIVEN  BY  A  l^e"  DIAMETER  BY  3</4 
LONG  (  2D)  UNCONFINED  CYLINDRICAL  COMP. 
B  CHARGE 
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obtain  the  time  of  cut-off  of  acceleration  illustrate  difficulties  that 
can  occur  when  one  attempts  to  construct  a  simple  model  of  a  complicated 
process.  In  the  case  of  the  release  wave  approximation  where  one 
attempts  to  simplify  by  making  the  initial  assumption  of  a  constant 
velocity  release  wave  (or  rarefactioft  shock)  which  is  physically 
unrealistic,  then  the  calculated  results  do  not  agree  closely  with 
experiment.  If  one  starts  with  the  experimental  data  and  uses  it  to 
interpret  a  thebry  beyond  the  conditions  for  which  it  is  applicable, 
then  one  may  end  up  with  conclusions  that  are  physically  unrealistic. 
This  was  the  case  where  the  time  of  cut-off  of  Rostoker’s  equation 
leads  to  a  release  wave  originating  at  an  unconfined  charge  surface 
with  a  delay  of  0.5  microsecond  after  passage  of  the  detonation  front. 

If  such  models  are  used  as  computational  aids  with  the  realization 
that  some  features  are  physically  unrealistic,  then  no  harm  is  done. 
Because  of  this  physically  \inrealistic  content  one  hesitates  to 
use  them  for  predictions  beyond  the  range  for  which  they  have  been 
verified  experimentally.  Thus  when  an  unusual  charge  design  is 
attempted,  a  firing  program  must  be  r\m  to  extend  the  model,  which 
practice  is  not  too  far  removed  from  trial  and  error  design.  On  the 
other  hand,  if  the  content  of  the  model  is  physically  realistic,  it 
should  be  valid  for  predictions  beyond  the  immediate  range  of  exper¬ 
imental  knowledge. 

Thus  further  efforts  at  constructing  a  model  will  be  con¬ 
centrated  on  removing  the  physical  inconsistencies  from  the  present 
release  wave  approximation,  since  the  approach  taken  by  this  partic- 
iQar  approximation  appears  to  be  the  most  promising. 
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EXPERIMENTAL  DETERMINATION  OF  STRESSES  GENERATED 
BY  AN  ELECTRIC  DETONATOR* 

JoLn  S .  Rinehart 
Colorado  School  of  Mines 
Golden,  Colorado 


The  magnitude,  duration  and  spatial  distribution 
within  a  solid  body  (plexiglas)  of  the  transient  stress 
disturbance  generated  by  an  electric  detonator  detonated 
in  intimate  contact  with  the  body  has  been  experimentally 
determined.  The  technique  is  to  affix  to  one  surface  of 
the  body  a  small  pellet  of  the  same  material,  which  flies 
off  when  the  disturbance  reaches  the  surface,  the  velo¬ 
city  of  the  pellet  being  determined.  The  complete  stress¬ 
time  curves  are  built  up  by  using  pellets  of  several 
thicknesses.  Three  types  of  detonators  have  been  used 
with  these  being  placed  flat  ended  against  the  surface  of 
a  plexiglas  block.  A  few  were  confined.  The  stress  in 
the  plexiglas  was  found  to  be  distributed  more  or  less 
uniformly  about  the  axis  of  the  detonator.  Along  the 
axis  both  peak  pressure  and  total  momentum  decreased  with 
distance  from  the  detonator:  peak  pressure  exerted  by  an 
Olin  Mathieson  No.  6  Plasti-cap  ranged  from  9500  lb/in2 
at  1.25  in  from  the  detonator  to  7000  Ib/in^  at  2.0  in; 
and  the  momentum  ranged  from  16  x  10“^  lb-sec/in2  at 
1.25  in  to  9.0  x  10“3  ib-sec/in^  at  2.0  in.  The  distur¬ 
bance  lasted  about  two  microseconds.  Similar  results 
were  obtained  with  the  other  detonators. 


♦Work  partially  supported  by  National  Science  Foundation. 


285 


Rinehart 


INTRODUCTION 

Small  detonators  or  blasting  caps  are  commonly 
used  to  initiate  the  explosion  of  a  ponderable  mass  of 
explosive.  And  there  exists  a  wide  variety  of  such  de¬ 
tonators,  each  designed  for  one  or  more  specialized  uses, 
some  being  electrically  activated  and  others  mechanically. 
The  electrically  activated  cap  usually  contains  a  match 
in  a  small  cylindrical  case  made  of  plastic  or  metal 
which,  when  heated  by  the  passage  of  an  electric  current, 
ignites,  thereby  setting  off  a  few  grains  of  highly  sensi¬ 
tive  explosive  also  contained  in  the  case .  The  force  of 
the  small  explosion  is  usually  sufficient  to  initiate  de¬ 
tonation  of  a  much  larger  mass  of  less  sensitive  explo¬ 
sive  placed  in  intimate  contact  with  the  cap.  Construc¬ 
tional  details  of  caps  manufactured  by  different  companies 
are  not  the  same,  there  being  variation  in  type  of  ex¬ 
plosive,  explosive  content,  match  composition,  and  case 
design,  with  much  of  the  detailed  information  being 
proprietary  in  nature.  The  external  and  case  features  of 
three  common  No.  6  electric  caps  are  illustrated  in 
Fig.  1,  the  one  on  the  left  being  a  plastic  cased,  flat 
ended  cap  manufactured  by  the  Olin  Mathieson  Co;  the  one 
in  the  center,  a  copper  cased,  rounded  end  cap  manufac¬ 
tured  by  the  Atlas  Powder  Company;  and  the  one  on  the 
right,  a  copper  cased  cap  manufactured  by  E.  I.  duPont 
de  Nemours  Company,  which  differs  from  the  Atlas  cap  by 
having  the  front  of  the  cap  indented,  thereby  creating  a 
situation  conducive  to  the  formation  of  a  shaped  charge 
jet  (1) .  Although  these  caps  are  widely  used  and  several 
engineering  tests  have  been  devised  for  testing  their 
efficacy,  there  is  essentially  no  quantitative  data  on 
the  magnitude  and  duration  of  the  stress  generated  within 
a  body  when  the  cap  is  exploded  while  in  close  contact 
with  the  body  (which  normally  would  be  an  explosive) .  In 
this  study  detailed  quantitative  data  on  these  stresses 
have  been  obtained  for  the  first  time  from  experiments 
made  using  three  types  of  No.  6  instantaneous  electric 
blasting  caps. 

METHOD 

The  experimental  arrangement  used  in  many  of  the 
tests  is  shown  schematically  in  Fig.  2,  the  cap  being 
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Pig.  1,  External  features  of  three  caps  studies. 

Left:  plastic  cased,  flat  ended  cap  manu¬ 

factured  by  Olin  Mathieson;  middle:  copper 
cased,  rounded  end  cap  manufactured  by 
Atlas  Powder?  right:  copper  cased,  reen¬ 
trant  ended  cap  manufactured  by  duPont. 
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unconfined  and  butted  end  on  against  a  small  block  of 
Plexiglas,  usually  an  inch  thick  and  of  a  few  inches  in 
other  dimensions.  A  sharp“fronted  transient  compressional 
stress  disturbance  of  the  form  illustrated  in  Fig.  3  is 
developed  when  the  cap  is  exploded;  on  striking  the  far 
fright)  surface,  it  causes  a  pellet  of  the  same  material, 
affixed  lightly  thereto  with  oil,  to  fly  off  with  some  of 
the  momentum  of  the  disturbance  trapped  in  it.  By  using 
successively  thicker  pellets  and  repeating  the  experiment, 
complete  and  detailed  stress-time  profiles  of  the  pulse 
can  be  drawn:  this  technique  has  been  successfully 
employed  by  several  investigators  (2,  3,  4) .  In  the  pre¬ 
sent  tests  plexiglas  cylindrical  pellets  1/4  in  in  dia¬ 
meter  were  used,  with  pellet  thicknesses  ranging  from 
1/32  in  to  1/4  in,  roughly  in  1/32  in  steps.  The  velo¬ 
city  of  each  pellet,  which  usually  lay  in  the  range  from 
30  ft/sec  to  180  ft/sec,  was  measured  by  photographing 
its  flight  over  a  several  inch  long  path,  using  either  a 
jiigb.  intensity,  short  duration  stroboscopic  light  or  a 
slotted  rotating  disk  light  source  in  conjunction  with 
an  open  shutter  Polaroid  camera,  containing  ultra— fast 
film,  3000  ASA. 

A  typical  momentum  trapped  (reduced  to  momentum 
per  unit  area)  versus  thickness  of  pellet  curve  is 
drawn  in  Fig.  4,  the  distance  from  cap  to  pellet  being 
2  in  and  the  cap  an  Olin  Mathieson  No.  6  Plasti-cap.  The 
curve  has  become  substantially  flat  for  a  pellet  thickness 
of  1/8  in,  implying  that  most  of  the  impulse  or  momentum 
of  the  disturbance  lies  in  a  region  just  twice  this 
thickness,  or  1/4  in.  The  longitudinal  wave  velocity  of 
the  plexiglas  used  in  these  experiments  was  measured 
using  a  standard  pulse  technique  and  found  to  be  9070 
ft/sec;  the  duration  of  the  1/4  in  pulse  would  therefore 
be  about  2.3  microsec. 

Both  stress-distance  and  stress-time  curves  for 
the  disturbance  can  be  derived  from  the  momentum  per  unit 
area  versus  pellet  thickness  curve,  provided  certain 
assumptions  are  made :  The  first  of  these  is  that  the 
particle  velocity  in  the  disturbance  is  linearly  related 
to  stress  through  the  equation 

IT"  =  ^  cv 
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where  is  the  instantaneous  value  of  the  stress;  ^  is 
the  density  of  the  material  (73.6  Ib/ft^  for  plexiglas) ; 
c  is  the  longitudinal  wave  velocity  (talcen  in  all  calcu¬ 
lations  as  9070  ft/sec) ;  and  v  is  the  instantaneous  value 
of  particle  velocity  in  the  disturbance.  The  second 
assumption,  needed  only  in  drawing  the  stress-distance 
curve,  is  that  the  pulse  does  not  change  shape  over  the 
distance  under  consideration  as  it  progresses  through  the 
body.  This  is  not  a  particularly  good  assumption,  as 
will  be  seen  later,  since  measurable  attenuation,  dis¬ 
persion,  and  divergence  do  occur.  Stress  versus  distance 
and  stress  versus  time  curves,  deduced  from  the  curve  of 
Pig.  4,  are  plotted  in  Figs.  5  and  6,  respectively.  The 
stress,  initially  about  10,000  Ib/in^,  decays  essentially 
to  zero  in  2  to  3  microsec  with  the  length  of  the  pulse 
being  about  1/4  in. 

CHANGE  OF  PULSE  SHAPE  WITH  DISTANCE 

It  is  to  be  expected  that  a  pulse  of  this  type  will 
change  its  shape  due  to  divergence,  attenuation,  and  dis¬ 
persion  as  it  moves  through  the  plexiglas.  Tests  were 
run  for  cap  to  pellet  distances  of  1.25  in,  1.50  in, 

1.75  in,  and  2.0  in,  with  the  results  plotted  in  Pigs.  7 
and  8,  Fig.  7  being  a  log-log  plot  of  total  momentum  per 
unit  area  in  the  pulse  versus  cap  to  pellet  distance, 
and  Fig.  8  being  plots  of  the  four  respective  stress 
versus  time  curves .  The  straight  line  in  the  log-log 
plot,  (Fig.  7),  drawn  with  a  slope  of  minus  one,  is  a 
good  fit  to  the  data,  indicating  that  the  total  impulse 
delivered  by  the  disturbance  varies  inversely  with  the 
first  power  of  distance,  a  more  or  less  reasonable  result 
since  in  a  spherically  expanding  wave  stress  decays  in¬ 
versely  with  the  first  power  of  the  distance  (5) .  The 
principal  change  in  pulse  shape  with  distance,  (Fig.  8), 
is  a  decay  in  stress  at  all  points  along  the  pulse;  there 
is  also  a  tendency  for  the  wave  to  sharpen  up,  losing  some 
of  its  bell  shape  and  becoming  more  nearly  exponential  as 
the  distance  from  the  cap  increases.  This  change  may  be 
due  to  a  frequency  dependent  absorption,  strongly  felt 
in  this  frequency  range  (6);  but  more  probably  it  arises 
from  the  fact,  as  illustrated  in  Fig.  9,  that  the  front 
of  the  disturbance  is  not  precisely  spherical,  this  lacTc 
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of  sphericity  having  its  origin  in  the  finite  lateral 
dimensions  of  the  detonator.  This  particular  stress 
situation  has  been  treated  (7)  for  the  elastic  case,  the 
salient  relevant  features  being  sketched  in  Fig.  9. 
Rarefaction  waves  moving  inward  create  several  distinct 
regions,  labeled  A,  B,  C,  and  D.  Region  C,  originally 
quite  thick,  becomes  thinner  and  thinner  as  the  wave  ex¬ 
pands,  with  the  wave  approaching  sphericity  more  and  more 
closely.  The  stress  near  the  center  of  the  wave  will  be 
sustained  a  shorter  and  shorter  time  with  increasing 
distance  from  cap,  supporting  the  present  observation. 

EFFECT  OF  CAP  CONFINEMENT 

If  the  cap  is  confined  by  placing  it  in  a  hole  in 
the  block,  as  illustrated  in  Fig.  10,  the  stress  situa¬ 
tion  ought  to  be  quite  different,  both  because  there  is 
no  opportunity  for  rarefaction  waves  originating  at  a 
free  surface  to  move  into  the  solid  hard  on  the  heels  of 
the  front  of  the  disturbance,  and  because  the  explosion 
products  can  not  disperse  as  readily,  causing  the  press¬ 
ure  to  be  sustained  longer .  A  few  tests  were  run  with 
confined  caps,  the  cap  being  inserted  into  a  one  inch 
deep  hole  bored  in  the  plexiglas  block.  Only  Plasti- 
caps  were  used.  The  results  are  compared  with  similar 
results  for  unconfined  caps  in  Figs.  11  and  12,  the 
figures  containing  plots  of  momentum  per  unit  area  as  a 
function  of  time,  and  stress  as  a  function  of  time, 
respectively.  Cap  to  pellet  distance  was  2  in  in  each 
case.  Under  these  conditions  the  total  impulse  per  unit 
area,  about  16  x  10"^  Ib-sec/in^  in  the  disturbance 
created  by  the  confined  cap,  is  nearly  twice  that  of 
9.0  x  10“^  lb-sec/in2  in  the  disturbance  produced  by  the 
unconfined  cap.  The  maximum  stress,  10,000  lb/in2  for 
the  confined  cap  is  only  somewhat,  20  percent,  higher 
than  the  8,000  Ib/in^  stress  of  the  unconfined  cap.  But 
the  stress  is  maintained  at  this  high  level  for  a  longer 
time . 

DIFFERENT  CAPS 

Results  for  the  three  types  of  caps  are  compared 
in  Fig.  13;  momentum  per  unit  area  is  plotted  against 
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time  for  each  cap  for  a  cap  to  pellet  distance  of  2  in. 

In  general,  the  impulse  delivered  by  each  of  the  caps  is 
about  the  same,  differences  in  construction  shown  in 
Fig.  1  appearing  to  be  not  especially  significant.  Tliis 
result  is  to  be  anticipated  since  in  practice  the  three 
caps  are  similarly  and  competitively  used. 

ANGULAR  DISTRIBUTION  OF  IMPULSE 

In  the  tests  discussed  thus  far  the  pellet  was 
placed  along  an  extension  of  the  axis  of  the  cylindrical 
cap.  Of  equal  interest  is  the  magnitude  and  duration  of 
the  off-axis  stress  and  impulse.  The  experimental 
arrangement  shown  in  Fig.  14  was  used  to  make  such  de¬ 
terminations.  Here  the  front  of  the  disturbance,  assumed 
spherical,  is  made  to  strike  normally  a  surface  so  cut 
that  the  normal  to  it  forms  an  angle  6  with  an  extension 
of  the  axis  of  the  cap.  Results  of  these  off-axis  mea¬ 
surements  are  summarized  in  Fig.  15,  a  plot  of  momentum 
per  unit  area  against  the  angle  0.  Only  the  Plasti-cap 
was  tested  over  a  complete  hemisphere,  tests  on  the 
other  caps  being  limited  to  off-axis  angles  of  60  degrees. 
The  curve  for  the  Plasti-cap  indicates  remarkable  uni¬ 
formity  of  impulse  over  the  whole  wave  front,  with  the 
90  degree  value,  7.2  x  10~^  Ib-sec/in^,  being  only 
18  percent  lower  than  the  zero  degree  value  of  8.8  x  10“^ 
Ib-sec/in^ .  The  Atlas  rounded  nose  cap  follows  essen¬ 
tially  the  same  pattern.  Although  the  data  are  not 
definitive,  the  duPont  cap,  with  its  indented  shaped 
charge  like  front  face,  appears  to  concentrate  the  im¬ 
pulse  somewhat  more  in  the  forward  direction.  At  0 
equal  to  60  degrees  the  impulse  seems  to  be  dropping 
rapidly. 

The  upper  curve  of  Fig.  15,  with  its  steep  slope, 
indicates  that  confinement  greatly  enhances  the  magnitude 
of  the  impulse  delivered  off-axis. 

In  conclusion  the  author  wishes  to  thank  Mr. 

William  C.  McClain,  Mr.  Larry  McCune,  Mr.  Richard 
Pitney,  and  Mr.  Jose'^  del  Solar  who  performed  the  experi¬ 
ments  and  made  the  calculations. 
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Fig.  15.  Momentum  per  unit  area  as  function  of 
angle  off-axis  for  confined  and  uncon¬ 
fined  caps  of  three  types.  Experimental 
arrangement  shown  in  Fig.  14.  Distance 
from  cap  to  pellet^  2  in. 
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COKMENTS  ON  HTPERVELOCITY  WAVE  PHENOMENA  IN  CONDENSED  EXPLOSIVES*^ 


R,  E.  Chaiken 

Chemical  Division,  Aerojet-General  Corporation 
Azusa,  California 


The  direct  observation  of  hypervelocity  wave  phenomena  during 
detonation  initiation  by  strong  shocks  in  single  crystals  of  PETN  and 
liquid  nitrome thane  have  been  reported  by  Holland,  Campbell  and  Malin  (l) 
and  by  Cook,  Pack  and  Gey  (2)  respectively. 

Holland  et.  al.  noted,  by  means  of  streak  camera  photography 
of  shock  impacted  large  crystals  of  PETN,  that  the  growth  of  detonation 
towards  steady-state  apparently  proceeded  in  several  stages.  First,  a 
relatively  low  velocity  wave  front  (5.56  mm/|jLsec)  appeared  which  abruptly 
changed  to  a  very  high  velocity  compression  wave  (-*  10.45  mm/paec). 

Within  -0.5^1360,  the  high  velocity  front  changed  to  an  apparent  steady- 
state  detonation  (8.28  mm/^isec)  which  consumed  the  crystal.  No  explan¬ 
ation  was  offered  as  to  the  nature  of  these  events. 

Prom  similar  space-time  high  speed  camera  studies  of  the  shock 
initiation  to  detonation  in  nitrome thane.  Cook  and  his  coworkers  observed 
a  ’*flash  across"  phenomena  in  which  an  apparent  wave  of  luminescence 
originated  in  the  explosive  behind  the  initial  compression  front,  and 
propagated  at  a  reported  velocity  of  --35  mm/paec  to  overtake  the  initial 
compression  front.  This  "flash  across"  phenomena  was  interpreted  as  a 
heat  transfer  wave  caused  by  a  sudden  increase  in  the  thermal  conduc¬ 
tivity  of  the  shock  compressed  nitrome thane.  (Hie  phenomenon  was  taken 
as  a  direct  observation  of  the  "heat  pulse"  which  Cook,  Keyes  and 
Filler  (3)  had  predicted. 

Several  years  prior  to  the  CFG  (i.e.  Cook,  Pack  and  Gey) 
studies,  the  author  carried  out  a  streak  camera  study  of  the  shock 
initiation  to  detonation  in  nitromethane.  (4)  At  that  time,  evidence 
was  found  to  indicate  the  existence  of  a  hypervelocity  wave  moving 
behind  the  initiating  shock  front.  It  was  suggested  that  the  detonation 
reaction  wave  originated  behind  the  initial  compression  front,  and 
traveled  at  a  "super-velocity"  in  the  compressed  explosive  to  overtake 
the  initiating  shock  front. 


♦This  work  was  supported  by  the  Advanced  Research  Projects  Agency  under 
Contract  Nonr  2804(00)  monitored  by  the  Office  of  Naval  Research. 
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The  author  believes  that  this  detonation  initiation  process 
could  be  an  alternate  explanation  for  the  ” flash  across”  phenomena  ob¬ 
served  by  CFG,  and  at  the  same  time  offers  an  explanation  for  the  velocity 
steps  in  PETN  which  were  observed  by  Holland  et.  al. 

Figure  1  depicts  a  space-time  plot  of  the  wave  phenomena  occur- 
ing  during  detonation  initiation  in  nitrome thane  based  upon  the  author’s 
studies.  (4)  Referring  for  the  time  being,  only  to  time  zones  I  and  II, 

Di  is  the  initiating  shock  velocity  (i,e. ,  the  velocity  of  the  shock 
wave  entering  the  explosive  from  an  external  source);  D’  is  the  hyper^ 
velocity  wave  velocity;  u  is  the  velocity  imparted  to  the  explosive  by 
the  initiating  shock  wave;  t  is  the  time  lag  after  compression,  for  any 
element  of  fluid  at  an  initial  distance  S  from  the  point  where  the  initi¬ 
ating  shock  front  enters  the  explosive,  to  reach  the  observed  luminous 
stage;  tq  refers  to  the  observed  time  lag  for  the  fluid  element  at  S  =  0, 

In  the  time  zones  I  and  II,  CPG’s  observations  apparently  coin¬ 
cide  with  the  author’s  except  for  the  magnitude  and  interpretation  of  t 
and  D’. 

Assximing  the  Di  and  D’  are  independent  of  S  (i.e.  negligible 
attenuation  of  the  wave  fronts  in  the  explosive),  it  is  possible  to 
express  t  as  a  linear  function  of  S. 

Prom  figure  1  the  following  relations  hold: 


8Uld 


S  =  u  -t)  +  S' 

S'  =  D'At  =  ASj^  +  uAt 


[2] 


From  the  Rankine-Hugoniot  (R-H)  relationships  for  one-dimen¬ 
sional  steady-state  shock  propagation, 


AS^  =  (V/V^)  S  [3  ] 

where  V/V  =  the  ratio  of  specific  volvunes  across  the  shock  front  (sub¬ 
script  o  referring  to  the  initial  state). 

Equations  1-3  can  be  rearranged  to  yield 


becomes 


T  =  -  (s/u)  I^D'  (1  -  v/v^)  -  »]/[»■-]  [4] 

From  the  R-H  equations,  u/D^  =  1  -  V/V^;  therefore,  equation  4 


T  =  T 


-  ^(D'/D^  -1)  /  (D'  -  u)  S 


[5] 


Equation  5  is  the  same  as  CPG's  experimental  equation,  i.e., 

T  =  T  -  a'  S 
0 

where  a'  is  a  positive  constant  having  the  measured  value  of  ~1.7Msec/om. 
For  this  value  of  a',  and  taking  D'  =  35mm/jjiaec  and  u  =  0,45  the 
initiating  shock  velocity  in  CPG's  experiments  turns  out  to  be  ~5.3  mm/|isec. 
This  value  of  falls  within  the  range  of  values  studied  by  the  author. 

In  figure  2,  a  plot  of  a'  vs,  D'  is  given  for  the  conditions 
=  5.3  mV^sec  and  u  =  2.4  mm/^sec.  Superimposed  upon  this  curve  are 
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the  results  of  the  two  studies.  It  is  seen  that  CPQ's  values  for  a'  and 
D'  differ  by  the  respective  factors  of  ~0.25  and  -3  fivm  the  author's 
values.  However,  it  is  easily  seen  that  in  the  range  of  a'  =  l,7tisec/cm, 
it  would  be  very  difficult  to  calctilate  an  accurate  value  for  D'  on  the 
basis  of  an  experimentally  measured  a'.  IThis  mig^t  be  a  reason  for  the 
discrepsincy  in  the  two  sets  of  res\ilts. 

It  is  interesting  to  note  that  if  one  assumes  that  the  chemical 
reaction  wave  resulting  in  D'  has  a  velocity  comparable  to  a  steady-state 
detonation  velocity  (Dg)  at  the  shock  density  (p  =  l/v),  it  mi^t  be 
possible  to  obtain  an  estimate  of  D*  from  extrapolated  Dg(p)  data.  From 
the  work  of  Campbell,  Halin  and  Holland  (3)  on  the  detonation  velocity  of 
nitromethane  as  a  fimction  of  initial  temperature  the  following  expres¬ 
sion  for  D  (p)  can  be  obtained: 

s 

D  =  2,78  X  lO^p  +  3110  meters/sec  FT  1 

Estimating  that  p  a  2.1  gm/cm^  for  5*3  mm/usec,  yields  a 
steady-state  detonation  velocity  of  8.86  mm/^isec.  Since  this  reaction 
wave  would  be  traveling  in  a  moving  medium, 

D*  =r  D  +  u  a  11,5  mm/^jLsec  C®  3 

s 

which  is  consistent  with  the  author’s  value. 

The  formation  of  a  propagated  ’’super-velocity”  reaction  wave 
is  also  consistent  with  an  adiabatic  reaction  model  in  which  the  chemical 
reaction  rate  exhibits  an  apparent  induction  time  After  seconds 

pass,  the  molecules  of  explosive  which  were  first  compressed  by  the 
initiating  shock  front  suddenly  decompose.  The  rapid  release  of  energy 
propagates  a  high  pressure  reaction  wave  moving  with  velocity  D’> 

behind  the  initiating  shock  front.  This  ’’super-velocity”  reaction  wave 
overtakes  the  initiating  shock  front  and  passes  into  the  unshocked  region. 
The  detonation  reaction  in  the  nitromethane  which  has  not  yet  been  com¬ 
pressed  is  then  greatly  over-initiated  (i.e.  it  occurs  with  a  higher 
them  steady-state  velocity) ,  and  the  detonation  front  rapidly  decays  to 
its  normal  steady-state  value.  Thus  referring  to  time  zones  III  and  IV 
in  figure  1,  a  small  portion  of  the  explosive  will  be  consumed  by  a  deto¬ 
nation  front  raovj.ng  at  a  hyi)ervelocity  before  steady-state  is  achieved. 
This  general  picture  now  explains  the  detonation  steps  in  PETN.  (l) 
Additional  support  for  this  general  description  of  the  detonation  initi¬ 
ation  process  comes  from  the  recent  work  by  Hiibbard  and  Johnson  (6)# 
Calculations  of  the  shock  initiation  detonation  conditions  utilizing  time 
dependent  one-dimension  hydrodynamic  equations  with  an  Arrhenius  form  of 
chemical  energy  release  indicate  the  formation  of  a  hypervelocity  reaction 
wave  behind  the  initiating  shock  front. 
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NONIDEAL  DETONATION 
OF  AMMONIUM  NITRATE-FUEL  MIXTURES 

L..  D.  Sadwin,  R.  H.  Stresau,  S.  J.  Porter,  J.  Savitt 
Armour  Research  Foundation 
of  Illinois  Institute  of  Technology 
Chicago,  Illinois 


INTRODUCTION 

Because  of  their  relatively  long  reaction  zones,  mixtures  of 
ammonium  nitrate  and  fuels  are  well  suited  media  for  the  investiga¬ 
tion  and  study  of  nonideal  detonation.  Nonideal  detonation  is  defined 
for  the  purposes  of  this  paper,  as  detonation  in  which  movements  of 
material  and  energy  along  coordinates  other  than  that  normal  to  the 
detonation  front  are  sufficient  to  significantly  affect  the  propagation  . 
and  other  conditions  of  the  detonation.  As  Eyring  and  his  associates' 
as  well  as  many  others  have  pointed  out,  these  effects  become 
appreciable  as  the  charge  dimensions  approach  the  length  of  the 
reaction  zone. 

In  the  course  of  their  efforts  to  gain  a  better  understanding 
of  the  explosive  behavior  of  ammonium  nitrate-fuel  mixtures,  the 
Spencer  Chemical  Company  and  its  various  contractors  have  developed 
an  appreciable  mass  of  data  which  is  of  general  interest,  in  that  it 
seems  to  contain  several  keys  to  a  better  understanding  of  nonideal 
detonation  processes.  It  should  be  pointed  out  that  this  paper  is  con¬ 
cerned  specifically  with  a  94/6  mixture  of  Spencer  *s  N-IV,  prilled, 
ammonium  nitrate  with  No.  2  Diesel  fuel. 


ANALYTICAL  OBSERVATIONS 

All  explosive  reactions,  whether  thermal  decomposition, 
deflagration,  or  detonation,  are  affected  by  the  geometry  of  the 
charge,  the  particle  size  of  the  explosive,  the  confinement  afforded 
by  the  surroundings,  and  the  density  and  composition  of  the  explosive. 
Experiments  with  pure  organic  explosive  compounds  in  granular  form 
indicate  that  the  reaction  zone  length  is  directly  related  to  the  particle 
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size  of  the  explosive.  Jacobs^^^  found  that  ammonivim  picrate  charges 
composed  of  large  particles  detonated  at  lower  velocities  than  those 
composed  of  smaller  particles,  but  that  those  composed  of  mixtures 
of  large  and  small  particles  detonated  at  still  lower  velocities.  These 
effects  were  most  pronounced  in  small  diameter  charges  and  tended 
to  disappear  if  sufficiently  large  diameters  were  used.  For  some 
combinations  of  charge  diameter  and  density,  detonation  failed  to 
propagate  in  the  mixed-particle-size  material,  although  it  was  stable 
in  charges  composed  of  all-large  or  all- small  particles.  These  find¬ 
ings  tend  to  support  the  view  that  the  reaction  behind  the  detonation 
front  is  a  surface  burning  or  deflagration  type  of  reaction  rather  than 
an  adiabatic  thermal  decomposition. 

The  curved  front  theory  of  Eyring  and  his  associates^^^  gives 
the  relationship: 


(1) 


between  the  detonation  velocity,  D,  of  a  column  of  explosive  of  radius, 
R,  whose  ideal  velocity  is  equal  to  D.  and  reaction  zone  length  equal 
to  a.  The  constant  k  is  determined  %y  confinement  conditions. 


By  the  assumption  of  an  Arrhenius  type  relationship  between 
temperature  and  reaction  rate,  taking  into  account  the  thermodynamic 
relationship  between  pressure  and  temperature  and  the  hydrodynamic 
relationship  between  detonation  velocity  and  temperature,  Eyring  and 
his  associates  derived  a  relationship  between  detonation  velocity  and 
reaction  rate  which  was  combined  with  Eq.  (1)  in  an  iterative  process. 
This  relationship  was  used  to  plot  the  familiar  re-entrant  curve 
(Fig.  1)  relating  detonation  velocity  to  charge  radius. 

Although  they  proposed  the  grain  burning  model  of  the 
reaction  in  the  detonation  zone  of  a  high  explosive  and  pointed  out  that 
the  reaction  time  for  this  model  is  proportional  to  the  grain  radius, 
Eyring  and  his  associates  did  not  carry  these  ideas  to  their 
logical  conclusion  regarding  the  relationship  between  the  ratio  of  the 
grain  radius  to  the  charge  radius  and  that  of  the  detonation  velocity 
of  a  column  to  the  ideal  plane  wave  detonation  velocity  of  the  explo¬ 
sive  used. 


If  it  is  assumed  that  the  surface  burning  rate  of  the  grain, 

W,  is  proportional  to  the  pressure  and  that  the  pressure  is  propor¬ 
tional  to  pD^  as  has  been  observed  by  Jacobs(^)  for  several  military 
explosives  at  somewhat  more  moderate  pressures  than  those  of 
detonation,  the  reaction  zone  length  is  equal  to: 


,  .  -  “■'e  .  !:fA 

^  ~  W  ~  ■^7^  "  pD 


(2) 
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l/R 


Figure  1  -  General  relationship  between  detonation  velocity 

and  charge  dimension 
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By  substitution,  Eq.  (1)  becomes: 


- 

D. 

4  k,  R 

\| 

1  -  ® 

R  p  D. 

EXPERIMENTAL  OBSERVATIONS 

The  reaction  zones  of  the  detonation  of  ammonium  nitrate- 
fuel  mixtures  are  quite  long.  In  this  respect,  the  velocity  measure¬ 
ments  made  with  ammonium  nitrate-fuel  mixtures  presented  in  Fig-  2, 
which  were  essentially  identical  except  for  particle  size  are  particu¬ 
larly  significant.  The  4200  m/sec  detonation  velocity  observed  for 
the  finest  grain  material  is  an  indication  that  the  2000  m/sec  for  the 
same  mixtures  in  the  coarser  granulation  is  appreciably  lower  than 
the  ideal  velocity. 

In  Fig.  2,  particle  size  effects  data  for  94/6  ammonium 
nitrate-fuel  oil  are  plotted  on  coordinates  of  particle  size  to  charge 
dimension  ratio  and  detonation  velocity.  Note  that  these  data  fit  the 
pattern  predicted  by  Eq.  (3)  quite  well.  Lower  velocities  observed 
for  the  run-of-mill  ammonium  nitrate  prill,  which  had  a  broad  distri¬ 
bution  of  particle  sizes,  are  consistent  with  the  results  of  the.mvesti- 
gation  of  particle  size  effects  in  ammonium  picrate  by  Jacobs. 

Ideal  detonation  velocities  of  solid  explosives  increase 
linearly  with  density.  The  effect  of  density  upon  the  reaction  zone 
length  is  somewhat  complex.  Experimental  data  seem  to  indicate 
that  the  reaction  zone  length  goes  through  a  minimum  at  a  density 
which  is  characteristic  of  both  the  composition  and  the  particle  size 
of  the  explosive.  This  might  be  explained  on  the  following  basis.  At 
low  densities  the  mass  of  granular  explosive  is  quite  nonhomogeneous 
in  its  distribution.  This  nonhomogeneity  of  mass  distribution  is 
reflected  in  a  similar  nonhomogeneity  in  heat  distribution  when  the 
material  is  compressed  by  the  shock.  Because  of  the  exponential 
nature  of  the  Arrhenius  equation,  this  nonhomogeneity  of  heat  distri¬ 
bution  results  in  a  larger  initial  average  reaction  rate.  However, 
the  lower  density  explosive  has  a  lower  detonation  pressure  so  that 
the  subsequent  deflagration  within  the  reaction  zone  is  slower.  As 
the  density  is  increased,  the  mass  distribution  and,  hence,  the 
temperature  become  more  uniform,  reducing  the  initial  reaction  rate 
while  the  increased  pressure  raises  the  burning  rate. 

Detonation  velocities  of  ammonium  nitrate-fuel  explosives 
reach  maxima  in  the  mid  range  of  the  densities  used  in  most  experi¬ 
ments  (Fig.  3).  The  drooping  of  the  curve  at  high  densities  may  be 
attributable  to  increasing  nonideality  with  increasing  density.  If  so, 
it  should  straighten  with  increasing  diameter,  confinement,  and 
vigor  of  initiation. 


312 


Average  Detonation  Velocity,  meters /sec 


Sadwin,  Stresau,  Porter,  Savitt 


Figure  2  -  Detonation  velocity  as  related  to  particle  size 
for  ammonium  nitrate-fuel  explosive  charges 
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With  other  explosives,  it  has  been  found  that  the  range  of 
nonideal  detonation  velocities  which  can  persist  for  a  reasonable 
fraction  of  the  detonation  time  of  a  charge  in  the  size  range  used  in 
ordnance  increases  with  decreasing  densities.  For  lower  densities, 
the  range  between  the  failure  velocity  and  the  stable  velocity  is 
increased,  while  the  buildup  from  intermediate  velocities  to  the  stable 
rate  is  stretched  out  in  time  and  distance.  These  observations  are 
consistent  with  the  fact  pointed  out  by  Eyring,  that  the  Hugoniot  temp¬ 
eratures  of  the  nonreactive  shocks  (based  on  the  assumption  that  the 
explosive  is  a  homogeneous  solid)  is  insufficient  to  result  in  a  self 
propagating  reaction,  so  the  fact  that  such  low  velocity  reactions  are 
observed  must  be  explained  on  the  basis  of  nonuniform  heating  due  to 
the  inhomogeneity  of  the  low  density  material.  It  may  be  surmised 
that  much  of  the  variability  of  the  detonation  velocity  of  ammonium 
nitrate-fuel  mixtures  is  attributable  to  the  very  low  bulk  density  at 
which  these  materials  are  generally  used. 

In  addition  to  the  factors  mentioned  above,  nonideal  detona¬ 
tion  is  affected  by  the  confinement  of  surrounding  materials  (Table  I). 

As  has  been  pointed  out  in  earlier  work  with  other  materials,  the 
effectiveness  of  a  confining  medium  is  closely  related  to  the  ratio  of 
its  shock  impedance  (the  product  of  the  shock  velocity  and  density)  to 
the  detonation  impedance  of  the  explosive.  Because  of  its  low  detona¬ 
tion  impedance,  the  mixture  of  ammonium  nitrate  with  an  organic 
fuel  is  well  confined  by  materials  which  are  negligible  in  their  con¬ 
fining  effects  upon  military  high  explosives.  We  have  observed,  for 
example,  that  an  eighth-inch  thick  tube  of  lucite  is  appreciably  more 
effective  as  a  confining  medium  than  a  similar  tube  of  cardboard. 
Results  of  underwater  explosion  measurements  indicate  that  water  is 
also  a  very  effective  confining  medium  for  these  mixtures. 

Most  of  the  energy  of  an  underwater  explosion  is  divided 
between  that  which  produces  a  compression  wave  of  the  water,  the 
shock  energy,  and  that  which  causes  gross  movement  of  the  water  as 
a  result  of  the  relatively  slow  expansion  of  the  reaction  products,  the 
bubble  energy.  The  ratio  of  this  partition  is  determined,  for  ideal 
detonations,  by  the  equation  of  state  of  the  reaction  products.  In  non¬ 
ideal  detonations,  substantial  fractions  of  the  reactions  may  be  too 
slow  to  contribute  to  the  propagation  of  detonation  or,  in  turn,  to  the 
shock  wave.  In  such  situations,  the  output  is  strongly  biased  toward 
bubble  energy.  In  materials  such  as  HBX,  the  aluminum  may  be  said 
to  introduce  an  element  of  nonideality  in  addition  to  enhancing  the 
total  energy  available. 

Both  the  equation  of  state  and  the  course  of  the  reaction  also 
affect  the  pressure-time  profile  of  the  wave.  Where  the  destructive 
effects  of  a  charge  are  of  primary  interest,  the  details  of  the  pressure¬ 
time  profile  are  of  secondary  interest.  However,  their  effectiveness 
against  various  structures  is  not  necessarily  directly  related  to  the 
energy  of  the  pulse.  In  this  respect,  the  peak  pressure,  the  momen¬ 
tum  (the  time  integral  of  pressure)  and  the  energy  (the  time  integral 
of  pressure  squared)  are  listed  as  properties  of  explosives.  The 
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TABLE  I  .  Results  of  Effects  of  Confinement  and  End  Initiation 
on  the  Axial  Detonation  Velocity 

_ (Explosive:  94/6  Ammonium  Nitrate  Fuel  Oil) 
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relationship  of  these  quantities  is,  of  course,  determined  by  the 
gross  characteristics  of  the  pressure-time  profile. 

For  most  military  organic  explosives,  the  detonation  is 
essentially  ideal  and  for  the  aluminized  explosives  in  charge  sizes  of 
military  interest,  the  nonideality  is  a  reproducible  property  of  the 
explosive.  In  these  cases,  the  shock  pressure,  energy  and  momen¬ 
tum,  and  the  bubble  energy  are,  for  all  practical  purposes,  properties 
of  the  explosive,  which  may  be  compared  with  a  standard  Such  as 
TNT.  The  nonideality  of  the  detonation  of  ammonium  nitrate-fuel 
explosives  is  a  controllable  variable,  as  illustrated  in  Figs.  4,  5  and 
6,  and  may  be  expected  to  result  in  substantial  predeterminable 
variability  in  the  relationships  of  these  quantities.  Where  an  explo¬ 
sive  charge  is  to  be  used  as  an  acoustic  source,  the  effects  of  this 
nonideality  on  some  of  the  details  of  the  profile  which  are  not 
characterized  by  these  quantities  may  be  even  more  important.  The 
underwater  explosion  measurements  of  94/ 6  ammonium  nitrate-fuel 
oil  indicate  that  the  nonideality  observed  in  the  detonation  velocity 
experiments  discussed  above  has  significant  and  reproducible  effects 
upon  the  nature  of  the  output  of  the  explosive  to  surrounding  water. 
These  effects  are  quite  apparent  in  the  tabulation  of  the  underwater 
measurements  (Table  II).  It  is  of  interest  to  note  that  the  systematic 
variation  in  detonation  velocity  as  related  to  initiation  is  reflected  in 
a  parallel  variation  in  pressure-time  profile. 

A  frequent  practice  in  commercial  blasting  is  that  of  initiat¬ 
ing  ammonium  nitrate-fuel  explosives  with  Primacord.  A  common 
technique  is  that  of  stretching  the  Primacord  down  the  blast  hole, 
approximately  centered  and  filling  the  hole  with  the  explosive  mixture. 
The  longitudinal  velocity  of  propagation  of  the  detonation  in  such 
charges  is,  of  course,  that  of  the  Primacord  and  yields  little  infor¬ 
mation  regarding  the  behavior  of  the  ammonium  nitrate-fuel  mixture. 

In  an  attempt  to  characterize  this  behavior  as  affected  by  the  vigor  of 
initiation,  a  series  of  centrally  initiated  charges  of  the  configuration 
shown  in  Fig.  7,  were  observed  end  on  by  means  of  the  Beckman- 
Whitley  high-speed  framing  camera.  The  results,  in  Fig.  8  and 
Table  III,  show  a  progressive  change  in  radial  propagation  velocity,  Dj^, 
ranging  from  900  meters  per  second  for  charges  axially  initiated  by 
means  of  100  grains  per  foot  Primacord  to  3900  meters  per  second 
for  charges  initiated  by  means  of  1.5  inch  diameter  tetryl  pellets. 


CONCLUSIONS 

In  light  of  the  preceding  explanation  of  the  behavior  of 
ammonium  nitrate-fuel  mixtures,  and  the  experimental  data  herein 
presented,  the  following  inferences  and  observations  may  be  made: 

(1)  The  detonation  of  most  of  the  ammonium  nitrate-fuel 
mixtures  was  quite  significantly  nonideal. 

(2)  The  hammermilled  material  detonated  at  very  nearly 
the  ideal  velocity  for  the  94/6  ammonium  nitrate-fuel 
oil  mixture. 
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Initiation:  3  inches  of  iOO  gpf  Primacor  d .  pressure  attenuation:  1 


Initiation:  3  inches  of  400  gpf  Primacord,  Pressure  attenuation:  i 


Initiation:  125  grams  of  40%  gelatin  extra.  Total  charge  weight;  1  pound, 
Pressure  attenuation:  1 


Figure  4  -  Pressure-time  profiles  of  one  pound,  94/6,  ammonium 
nitrate-fuel  oil  charges  with  varied  initiation.  Recorded  25  feet 
from  charges  25  feet  deep. 


318 


Sadwin,  Stresau,  Porter,  Savitt 


i  Initiation:  .6  inches  of  100  gpf  Primacord.  Pressure  attenuation:  1 


'Initiation:  6  inches  of  400  gpf  Prirnacord.  Pressure  attenuation:  1 


ilnitiation:  245  grams  40%  gelatin  extra.  Total  charge  weight:  3  pounds. 


Pressure  attenuation:  1 


Figure  5  -  Pressure-time  profiles  of  three  pound,  94/6,  ammonium 
nitrate-fuel  oil  charges  with  varied  initiation.  Recorded  25  feet 
from  charges  25  feet  deep. 
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Charge:  10  feet  of  400  gpf  Prima- 
cord.  Pressure  attenua¬ 
tion:  1 


Charge:  196  grams  (TNT  + 
initiation  system) 

Initiation:  29  grams  of  sheet 
explosive.  Pressure 
attentuation:  1 


Charge:  587  grams  of  60%  high 
pressure  gelatin, 
pressure  attenuation:  1 


Charge:  1  pound  of  94/6  ammonium 
nitrate -fuel  oil. 

Initiation:  3  inches  of  100  gpf 
Primacord. 

Pressure  attenuation:  1 


Charge:  1  pound  of  94/6  ammonium 
nitrate-fuel  oil. 

Initiation:  No.  8  ebc. 

pressure  attenuation:  1 


Charge:  8  pounds  (ammonium 
nitrate  +  molasses  + 
initiation  system) 
Initiation:  295  grams  of  60%  high 
pressure  gelatin. 

Pre  ssure  attenuation:  2 


Charge:  8  pounds  (94/6  ammonium 
nitrate- fuel  oil  + 
initiation  system) 
Initiation:  295  grams  of  60%  high 
pressure  gelatin. 
Pressure  attenuation:  2 


Figure  6  -  Comparison  of  pressure-time  profiles  produced  by 
various  explosive  charges.  Recorded  25  feet  from  charges 
25  feet  deep. 
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Explosive:  Spencer  Chemical  Co,  N-IV  Ammonium  Nitrate  plus  6%  No,  2  Fuel  Oil 
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Figure  8  -  Effects  of  vigor  of  initiation  on  detonation  front  expansion.  Viewed  by 
Beckman— Wbitley  high  speed  framing  camera.  Time  between  successive  frames  — 
2  microseconds.  Charge  configuration  of  Figure  7, 
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(3)  The  bimodal  velocity  distribution,  which  is  predicted 
by  the  relationship  derived  by  Eyring  and  associates}^' 
and  which  has  been  observed  in  other  explosives,  is 
quite  apparent  in  much  of  the  data. 

(4)  A  large  fraction  of  the  measured  velocities  correspond 
with  the  knee  of  the  rate-diameter  relationship,  (Fig.  1). 
In  this  region,  small  variations,  not  only  in  initiation, 
but  in  intimacy  of  mixture,  confinement,  particle  size 
distribution,  and  charge  size,  can  cause  substantial 
variations  in  velocity. 

(5)  The  larger  charges  now  used  in  most  commercial 
applications  of  ammonium  nitrate-fuel  explosives 
probably  fall  farther  from  the  knee  of  the  curve,  so 
they  may  be  expected  to  have  a  more  definitely  bi¬ 
modal  distribution.  If  so,  their  detonation  velocities, 
if  they  are  adequately  initiated,  will  be  higher  than 
those  observed  in  most  of  the  experiments.  The  lower 
velocity  mode  of  detonation  propagation  becomes  more 
and  more  metastable  as  the  charge  diameter  is  in¬ 
creased.  Slight  variations  in  vigor  of  initiation, 
confinement,  or  other  conditions  can  cause  the  detona¬ 
tion  to  either  decay  to  failure  or  build  up  to  the  stable 
rate.  Of  course,  even  if  curves  of  the  type  shown  in 
Fig.  2  are  generally  applicable  to  these  explosives, 
the  abscissa  of  the  coordinate  system  must  contain  a 
confinement  factor.  The  relationship  between  this 
factor  for  a  particular  application  and  that  for  the 
experiments  conducted  remains  to  be  investigated. 
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ABSTRACT 


The  detonation  velocity  of  pressed  TNT  has  been  detemined  as  a 
function  of  charge  diameter  at  each  of  a  series  of  loading  densities. 
Current  theories  of  the  diameter  effect  are  discussed  and  used  to 
compute  infinite  diameter  detonation  velocities  and  detonation 
reaction  zone  lengths  from  the  experimental  data.  The  results  for 
the  velocity-density  dependence  may  be  summarized  as  follows: 

D  =  1872.7  +  3187.2  p  (0.9  <  p  <  1.53^2  gm/cc) 

00  —  — 

=  6762.5  +  3187.2  (p  -  1.53te)  -  25,102  (p  -  1.53^2)^ 

+  115,056  (p  -  1.53^2)^  (1.53^2  <  p  <  1.636  gm/cc) 

The  reaction  zone  lengths  computed  from  the  data  are  a  decreas¬ 
ing  function  of  the  charge  density  and  are  in  good  agreement  with 
predictions  based  on  the  grain-b\rming  model  of  the  reaction  zone. 

I.  INTRODUCTION 

The  velocity  of  detonation  is  a  fundamental  and  readily  measvired 
characteristic  property  of  a  high  explosive,  and  it  has  received 
considerable  study,  both  experimental  and  theoretical.  Phenomenolog¬ 
ically,  the  detonation  velocity  of  a  given  explosive  depends  most 
importantly  on  the  loading  density,  the  size,  eind  the  amount  and  type 
of  lateral  confinement  of  the  charge.  Theoretical  studies  of  the 
detonation  process  have  shown  that  the  density  dependence  has  a 
themodjmamic  origin  —  specifically,  in  the  nonideality  of  the 
equation  of  state  of  the  detonation  products  at  the  temperatures 


*  This  work  was  performed  tinder  the  auspices  of  the  U.  S.  Atcmic 
Energy  Commission. 
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and  pressures  involved.  The  remaining  two  factors  have  similarly 
"been  shown  to  be  related  to  the  kinetics  of  the  reaction  ■vdiich  con¬ 
verts  the  unbumed  explosive  to  its  detonation  pioducts. 

The  detonation  process  is  most  simply  studied  theoretically  on 
the  basis  of  sin  idealized,  one-dimensional  hydrodynamic  model.  The 
detonation  properties  deduced  from  such  a  model  are  independent  of 
both  the  size  and  confinement  of  the  system  (of  its  kinetics,  in  fact]^ 
and  the  detonation  velocity,  in  particular,  is  customarily  referred  to 
as  the  infinite  diameter,  plane-wave  velocity.  It  is  of  importance 
in  such  studies  to  have  available  accurate  experimental  data  on  the 
infinite  diameter  velocities  of  various  explosives,  and  in  this  paper 
we  present  the  resoilts  of  an  experimental  program  whose  principeil 
objective  was  to  obtain  such  data  on  pressed  TNT  over  the  accessible 
range  of  loading  densities. 

It  is  obvious  that  to  achieve  this  objective  req^lires  some  sort 
of  axi  extrapolation  from  finite  charge  data.  Our  work  is  based  on  the 
assumption  that  the  detonation  velocity  of  a  finite  charge  is  related 
to  the  infinite  diameter  velocity  by  the  equation  (l) 

8# 

D  =  Do,  (1  -  -^)  •  (1) 

Here  D  is  the  detonation  velocity  of  a  cylindrical  charge  of  radius  R, 
a  is  assumed  independent  of  R  (but  a  function  of  the  explosive,  load¬ 
ing  density,  and  confinement),  and  Dco>  as  the  notation  s'uggests,  is 
the  infinite  diameter  velocityo  This  equation  accurately  represents 
our  results  over  the  range  of  charge  diameters  included  in  this  study* 
Other  vork  done  at  this  Laboratory,  both  by  others  and  by  us^^^,  indi¬ 
cates  that  the  equation  does  not  necessarily  hold  in  the  region  of 
very  small  charge  diameters,  and  this  has  recently  been  verified  in 
the  case  of  TNT,  in  partiCTxlar,  in. a  contemporary  study  of  this 
explosive  by  Stesik  and  Akimova* ^3; 

The  procedure,  then,  vas  to  determine  the  detonation  velocity  as 
a  function  of  charge  diameter  at  each  of  a  series  of  loading  densities* 
The  corresponding  values  of  are  then  estimated  from  least  square 
fits  of  equation  (l)  to  the  es^rimental  data.  It  is  obvious  that 
this  procedure  simultaneously  provides  estimates  of  the  quantity  a 
\mder  various  conditions,  and  in  the  discussion  the  significance  of 
this  quantity  is  discussed  in  terms  of  current  theories  of  the 
diameter  effect* 


II*  EXPERHvlENTAL 


A*  Explosive 

All  the  data  reported  here  were  obtained  Td.th  a  single  lot  of 
commercial  TOT  (2,4,6-trinitrotoluene)  manvifaotured  in  August  1944 
by  the  Atlas  Povder  Company.  Its  melting  point,  as  determined  from 
a  cooling  curve,  vas  80.55®C,  and  its  purity  -was  estimated  as  99.6 
mole  percent.  The  principal  impurities  are  presumed  to  be  the  other 
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TUT  isomers  and  the  dinitrotoluenes,  as  these  are  usually  found  in  the 
typical  commercial  product.  The  results  of  a  sieve  analysis  of  the 
granular  material,  before  pressing,  are  given  in  Table  I. 

TABLE  I 

TNT  PARTICLE  SIZE  AI^ALYSIS 


U.S.  Std  Sieve  Opening  Cumulative 

Sieve  No.  (microns)  {.jo  Ketained  on) 


Differential 

Mo). _ 


4o 

420 

0.4 

50 

300 

1.6 

70 

210 

11.2 

100 

i49 

60.0 

120 

125 

73.8 

i4o 

105 

88.6 

200 

74 

96.4 

230 

62 

97.2 

325 

44 

98.4 

1.2 

9.6 

115.8 

13.8 

14.8 
7.8 
0.8 
1.2 


B.  Charge  Preparation 


All  the  low-density  charges  (below  1.4  gji/cc)  were  prepared  and 
fired  in  0.2"  wall  brass  tubes,  primarily  to  contain,  and  prevent 
damage  to,  the  more  fragile  low-density  pressings,  but  these  tubes 
also  provided  confinement  in  the  detonation  velocity  measurements, 
reducing  the  magnitude  of  the  diameter  effect  and  thereby  permitting 
a  more  accurate  estimate  of  Unpublished  measurements  made  at 

this  Laboratory  indicate  that  the  limiting  effectiveness  of  brass  in 
reducing  the  diameter  effect  in  Composition  B  is  reached  at  a  wall 
thickness  of  less  than  0.1", while,  for  6o/40  Amatol,  Copp  and 
Ubbelohde(5)  foxmd  that  limiting  effectiveness  of  steel  was  reached 
with  a  wall  thickness  of  less  than  0.2".  Confinement  by  0.2  of 
brass  is  thou^t  to  be  more  than  adequate  for  pressed  “nW?,  and  the  ^ 
use  of  thicker  tubes  in  any  event  would  have  created  difficulties  in 
obtaining  accuorate  wei^ts  on  the  loaded  tubes  with  the  balances 
which  were  available. 


It  is  important  to  note  in  this  connection  that  the  shock 
Y’giQcity  in  the  confining  medium  must  not  exceed  the  detonation 
velocity  of  the  explosive,  as  the  explosive  will  otherwise  be  com¬ 
pressed  at  the  wall  by  the  shock  in  the  tube,  and  the  velocity 
obtained  will  not  be  that  corresponding  to  the  initial  charge  density. 
Rou^ly  speaking,  brass  is  a  satisfactory  confining  medium  for 
velocity  measurements  down  to  about  4000  m/sec. 

Most  of  the  data  reported  here  on  high-density  TNT  were  obtained 
with  unconfined  charges,  althou^  in  a  few  cases  confined  hi^- 
density  charges  were  fired  to  verify  that  the  value  of  D^  obtained 
was  independent  of  the  technique  used. 
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The  brass  tubes  vere  prepared  and  meastired  by  professional 
machinists,  starting  with  extruded  tubing  of  convenient  size.  The 
nominal  inside  diameters  and  lengths  of  the  finished  tubes  were  as 
follows: 


ID  (inj 


0.7683 

1.0250 

1.5385 

3.077 


Length  (in.) 


3.000 

3.000 

3.000 

6.000 


A  0.5"  wide  by  0,005"  deep  notch  was  milled  in  one  end  of  each  tube 
to  provide  space  for  the  pin  foils  in  the  shot  assembly. 


Each  tube  was  carefully  weired  on  an  analytical  balance  of  the 
appropriate  capacity  before  and  after  loading  to  obtain  the  total 
weight  of  explosive  in  the  finished  charge.  The  tubes  were  loaded  to 
the  desired  density,  one  inch  at  a  time,  by  pressing  the  explosive 
directly  into  them.  For  the  last  increment  or  two,  an  atixiliary 
loading  sleeve  which  meshed  with  the  notch  on  the  upper  end  of  the 
tube  was  used  to  contain  the  loose  esqilosive  and  to  serve  as  a  guide 
for  the  punch.  The  loading  was  done  in  increments  to  minimize  density 
variations  along  the  length  of  the  charge.  Radial  density  variations 
were  controlled  by  carefully  distributing  the  loose  powder  in  the  tube 
before  pressing  the  increment.  The  desired  finished  height  of  each 
loading  increment  was  obtained  by  using  punches  of  different  lengths, 
together  with  spacers  of  the  appropriate  heists  inserted  between  the 
upper  flange  of  the  punch  and  the  end  of  the  tube  or  loading  sleeve. 


During  the  pressing,  the  bottom  end  of  the  tube  rested  on  a  flat 
Lucite  plate,  and  at  this  end  the  face  of  the  charge  after  pressing 
was  flat  and  flush  with  the  end  of  the  tube  to  within  0.001"  or 
better.  At  the  top  the  situation  was  some'vdiat  different.  In  the 
first  place,  to  pi*0fvlde  space  for  the  pin  foils  without  introducing 
gaps  between  successive  tubes  in  the  shot  assembly,  the  finished 
height  of  the  explosive  was  held  at  2o*00^"  to  the  end  of 

the  tube.  In  addition,  in  the  case  ”  *  '^of  the  larger  diameter, 
medium-density  charges,  there  was  a  tendency  for  this  end  of  the 
charge  to  bow  out  as  a  resiilt  of  reexpansion.  This  cotild  be  cor¬ 
rected  by  placing  a  1/2"  thick  Lucite  plate  on  the  end  of  the  charge 
and  pressing  on  its  center  with  an  wtndersized  punch.  With  some 
experience  this  could  be  done  in  such  a  way  that  after  reexpansion 
had  occurred,  the  charge  was  flat  and  of  the  desired  length. 

The  high-density  unconfined  cheirges  were  made  by  pressing  6" 
diameter  by  high  stock  pieces  in  a  locally  available  die,  and 
machining  from  these  cylindrical  charges  of  the  desired  sizes.  The 
same  diameters  and  lengths  were  used  as  before  in  most  cases,  except 
that  the  6"  long  pieces  were  made  up  of  two  3"  long  cylinders.  Only 
those  parts  of  the  stock  pieces  were  used  which  were  reasonably 
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tuiiform  in  density,  Ihe  finished  cylinders  were  quite  rigid  and 
could  he  measured  and  handled  without  difficulty. 

The  high-density  confined  charges  were  prepared  in  the  same  way, 
except  that  after  machining,  the  cylinders  of  explosive  were  cooled 
aUghtly  and  slipped  into  the  confining  tubes.  Upon  rewarmlng  to 
room  temperature,  the  explosive  expanded,  giving  a  snug  fit  in  the 
tube. 


C,  Velocity  Measurements 

Tne  detonation  velocity  measurements  were  made  by  a  group  work¬ 
ing  under  the  supervision  of  A.  W,  Campbell,  'u.sl^  a  technique  ■vdiich 
has  already  been  described  in  detail  elsewhere, (o)  Only  a  few 
special  feattires  of  the  shot  assembly,  as  it  evolved  after  consider¬ 
able  experimentation,  will  be  described  here. 

Each  shot  was  made  up  of  approximately  nine  incidents,  with 
transit-time  pin  foils  inserted  at  the  end  of  each  Increment  (see 
Fig.  6  of  ref,  6).  Thus  the  3"  diameter  charges  were  (generally) 

3k"  long,  the  others  27"  long.  The  charges  were  initiated  by  means 
of  a  detonator,  a  small  tetryl  pellet,  and  a  1"  thick  pad  of  Composi¬ 
tion  B,  With  this  type  of  initiation  the  detonation  velocity  of 
the  charge  had  become  stable  after  it  had  traveled  throx:!^  two,  or  at 
most  three,  of  the  nine  increments,  so  that  six  or  seven  data  points 
were  normally  obtained  from  each  shot.  The  whole  assembly  was  held 
together  by  claitq)S  to  insure  good  contact  between  successive  com¬ 
ponents  of  the  train.  In  the  case  of  small-diameter  unconfined 
charges  this  must  be  done  carefully,  for  if  excessive  clamping 
pressure  is  used,  the  charge  will  be  shortened  significantly  and  the 
velocity  obtained  will  be  too  high.  It  is  necessary  to  check  the 
total  length  of  the  charge,  after  clamping,  against  the  sxm  of  the 
lengths  of  the  individual  increments  to  insure  that  the  proper  amount 
of  pressure  is  being  applied. 

After  each  shot  had  been  assembled,  it  was  placed  in  an  insulated 
box  and  its  temperature  was  adjusted  to  75  +  5°F  before  it  was  fired, 

D,  Sources  of  Error 

The  velocity  measuring  technique  described  above  and  in  ref.  6 
has  been  developed  to  such  an  extent  that  charge  quality  has  beccane 
the  determining  factor  in  the  over-all  precision  of  the  data. 
Accordingly,  oxrr  discussion  here  will  be  largely  devoted  to  the 
problem  of  measuring  charge  density,  and  to  the  control  and  effects 
of  density  variations  within  the  charge. 

From  the  data  presented  later  it  can  be  seen  that  an  error  of 
0,001  gm/cc  in  determining  the  density  of  a  charge  corresponds  to  an 
error  of  about  3  m/sec  in  the  detonation  velocity.  It  is  therefore 
essential  that  the  charge  density  be  determined  with  considerable 
accuracy.  In  our  experiments  this  problem  was  most  serious  in  the 
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case  of  the  smallest  diameter  charges.  Therefore  only  these  vill  be 
discussed,  and  it  vill  be  left  as  understood  that  the  errors  are  pro¬ 
portionately  smaller  for  the  larger  charges. 

The  densities  of  all  confined  charges  prepared  by  pressing  the 
explosive  directly  into  the  confining  tubes  vere  derived  from  measure¬ 
ments  of  the  inside  diameters  6uad  lengths  of  the  tubes,  and  from  their 
veights  before  and  alter  loading.  Our  best  estimates  for  the  uncer¬ 
tainties  in  these  quantities  are  as  follows: 


_ Measurement _ 

Weight  of  explosive 
(corrected  for  buoyancy) 

Length 

Diameter 


Uncertainty 

<  1/10,000 

2/10,000 

7/10,000 


It  follows  that  the  maximum  uncertainty  in  the  density  is  someidiat 
less  than  O.OO3  gm/cc.  We  believe  that  the  errors  in  these  measure¬ 
ments  are  primarily  random,  and  hence  their  effect  would  be  expected 
to  appear  as  a  loss  of  precision  rather  than  accuracy. 


It  will  be  recalled  that  in  pressing  the  final  inc3rement  into 
the  tube,  the  finished  sxarface  of  the  explosive  was  allowed  to  be  as 
much  as  O.OO3"  below  the  end  of  the  tube.  The  reason  the  length  of 
the  tube,  rather  than  the  actual  height  of  the  explosive,  is  the 
dimension  used  In  the  volume  calculations  is  that  compensating 
effects  are  present.  If  the  actual  height  of  estplosive  in  a  partic¬ 
ular  increment  were  2.997"  instead  of  3. 000",  the  actual  density  of 
that  increment  would  be  higher  than  otir  recorded  density  by  one  part 
in  a  thousand.  As  a  result,  the  transit  time  through  the  column  of 
explosive  would  be  0.02  -  O.03  psec  less  than  it  -(TOuld  be  if  the 
actml  height  of  explosive  were  3«000".  However,  we  estimate  that 
this  is  just  about  the  time  required  for  the  product  gases  to  move 
across  the  O.OO3"  gap  6ind  initiate  the  next  increment,  so  that  the 
two  effects  should  cancel  very  closely.  Since  the  size  of  the  gap 
between  various  increments  of  the  charge  varied  from  zero  to  three 
mils,  the  over-all  error  in  the  measurements  from  this  source"  is 
probably  negligible.  The  variation  in  the  length  of  the  gap,  and  in 
the  position  of  the  pin  foils  within  the  gaps,  Td.!!  contribute 
slightly  to  the  standard  deviation  of  the  data. 

The  densities  of  the  high-density  charges  were  determined 
directly  from  meas\3rements  of  the  weights  and  dimensions  of  the 
pieces  and  were  corrected  for  buoyancy.  The  reported  densities  are 
estimated  to  be  acc\irate  to  +0.002  gm/cc  for  the  3/^"  diameter 
charges.  The  v/ater  displacement  method  \J8.s  used  to  check  the  results 
in  scane  cases,  and  the  densities  determined  by  the  t%-70  methods  of 
measurement  agreed  to  •vdthin  the  assigned  experimental  error. 
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Density  variations  -vrithin  the  charge  also  are  a  problem  in  pre¬ 
cise  detonation  velocity  measirrements  on  pressed  explosives,  and  tvo 
types  are  recognizable  in  charges  such  as  we  are  describing  here. 

The  first,  which  we  refer  to  as  axial,  is  a  periodic  variation  in 
density  along  the  length  of  the  charge  ■v^ich  is  an  omavoidable  conse¬ 
quence  of  the  incremental  loading  procedure.  As  each  loading  incre¬ 
ment  is  pressed,  the  material  next  to  the  pimch  is  compressed  to  a 
hi^er  density  than  the  material  at  the  bottom  of  the  increment,  IJie 
resiilt  is  a  sawtooth  variation  in  density  along  the  charge  whose  wave¬ 
length  and  amplitude  are  direct  functions  of  the  length  of  the 
loading  increment  (one  inch  in  our  work).  The  shorter  the  increment, 
the  lower  the  amplitude,  and,  of  course,  the  shorter  the  wavelength. 
The  second  type,  referred  to  as  radial,  is  a  nonuniformity  in  density 
in  any  plane  perpendicular  to  the  axis  of  the  charge.  Careful  distri¬ 
bution  of  the  powder  in  the  tube  or  die  before  pressing  will  decrease 
the  radial  density  variations,  but  it  will  not  eliminate  them  entirely 
unless  the  bvilk  explosive  is  very  uniform.  Radial  density  variations 
become  worse  -when  very  short  increments  are  pressed,  since  a  slight 
unevenness  in  the  distribution  or  packing  of  the  loose  powder  will 
produce  a  proportionately  larger  variation  in  density. 


We  attempted  to  evaluate  the  effect  of  axial  density  variations 
by  deliberately  introducing  large  variations  in  an  experimental 
charge.  First,  a  x  4'*  OD  x  6"  long  polystyrene  tube  was  loaded 
in  one-inch  increments.  The  increments  were  weighed  out  to  give 
alternating  densities  of  1,35  Q^d  1,25  gm/cc.  After  the  tube  was 
loaded,  the  densities  of  the  successive  increments  were  determined  by 
X-ray  absorption  technique, (?)  The  results  were  as  follows: 


Increment 


Intended  Density 

(gpi/cc) 


Measured  Density 
(gm/cc) 


Top  1.25  1.25 

5  1.35  1.29 

Ij-  1.25  1.30 

3  1.35  1.31 

2  1.25  1.31 

Bottom  1.35  1.36 


The  precision  of  the  X-ray  method  used  is  about  1^  in  density,  and  it 
is  obvious  that  only  the  top  and  bottom  Increments  are  significantly 
different  from  the  average.  Nevertheless,  this  loading  procedure 
would  be  expected  to  exaggerate  whatever  axial  density  spreads  are 
present  in  out  rate  sticks,  so  a  3”  diameter  rate  stick  was  prepared 
in  brass  tubes  by  this  method,  and  a  second  was  prepared  at  the  same 
time  using  our  usual  loading  procedure.  The  velocities  of  the  two 
charges  were  measttred  with  the  following  resxilts: 
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Loading 

Method 


Ave  Over-all 
Density (gm/cc) 


Ko.  Velocity  Average  ^ 

Increments  Velocity  -  95 


Nonuniform  1.300 

Uniform  1.300 


7  5987.9  6.1 

7  5985.3  6.4 


Our  conclusion  is  that  axial  density  fluctuations  of  this  vavelength 
are  not  a  limiting  factor  in  the  over-all  precision  of  our  results. 

Ihis  is  not  entirely  unexpected,  since  the  detonation  yave  does 
not  respond  instantaneously  to  changes  in  local  conditions,'^)  and 
hence  there  is  a  significant  daiig)ing  out  of  the  effects  of  density 
variations  providing  these  are  commensurable  in  size  vith  the  biiild- 
up  (or  build-down)  distance  of  the  detonation  wave.  This  is  true  both 
for  axial  and  radial  inhomogeneities  in  density. 


We  have  also  attonpted  to  use  the  X-ray  absorption  method  to 
estimate  the  magnitude  of  the  radial  density  variations  in  a  single 
increment.  These  appear  to  amount  to  about  +  0.010  gm/cc  in  typical 
charges.  It  is  Important  to  avoid  systematic  radial  density  varia¬ 
tions.  For  exaB5)le,  if  the  loose  explosive  is  simply  poured  into  the 
tube  in  such  a  manner  as  to  assume  a  cone  shape,  and  the  increment  is 
then  pressed  wlthotcfc  redistributing  the  explosive,  the  central  core  of 
the  whole  charge  will  be  above  average  density,  and  this  high-density 
coi*e  will  control  the  rate  of  propagation  of  the  wave.  In  other  woi^^ 
the  observed  velocity  will  correspond  to  the  density  of  the  core, 
lather  than  to  the  aveiage  density  of  the  charge.  We  have  verified 
this  statement  experimentally  with  other  explosives,  but  the  results 
are  not  sufficiently  novel  to  merit  detailed  reporting  here. 

Density  variations  as  large  as  0.010  gm/cc  are  known  to  be 
present  in  the  lower  density  pieces  cvrb  from  the  6"  x  k"  stock 
charges.  An  attempt  was  made  to  minimize  systematic  errors  from  this 
source  by  cutting  the  rate  sticks  from  selected  regions  of  the  stock 
charge. 

At  densities  near  crystal  density,  such  problems  as  internal 
density  spreads,  errors  in  the  measiirement  of  over-all  density,  and 
gaps  in  the  shot  assembly,  are  eliminated  or  greatly  reduced  in  mag¬ 
nitude,  and  generally  somevdiat  better  statistics  were  obtained  in  the 
velocity  measurements  on  the  highest  density  charges. 

III.  DATA  AND  ANALYSIS 

The  rate  stick  data  were  analyzed  by  the  difference  method, 

Tdiich  has  been  shown  to  be  the  correct  procedure  for  cumulative 
straight-line  data  such  as  we  obtain.  (8")  After  discarding  the  first 
two  or  three  observations  (representing  the  booster  section),  we 
coir^jute  the  detonation  velocities  over  the  remaining  individual  incra- 
ments,  and  then  obtain  the  average  velocity,  and  its  variance  and  95^ 
confidence  limit  (+  L55)/  usual  way. 
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In  some  cases  this  procedure  had  to  he  modified  to  correct  for 
nontriviad.  variations  in  the  densities  of  the  individual  increments 
vithin  the  charge#  The  correction  is  made  hy  adjusting  the  incre¬ 
mental.  velocities  hy  an  amount 


(p  -  p) 


•where  p  is  the  average  density  of  the  mte  section,  p  is  the  density 
of  the  increment  in  question,  and  /  ^  )  is  the  slope  of  the  veloc- 

Up/  o 

ity  -density  cvirve  at  p.  For  i*easons  “^silready  mentioned,  this 
probably  represents  an  over-correction,  but  it  is  usually  small,  and 
in  any  event  its  only  effect  is  on  the  ■vaidance  and  confidence  limit. 


One  aidditional  adjustment  is  usually  necessary  before  proceeding 
to  the  next  step  in  the  analysis.  In  fitting  equation  (l)  ■we  require 
that  the  velocities  corresponding  to  the  •various  diameters  be  obtained 
at  a  common  density.  In  practice  this  could  not  always  be  achieved, 
and  hence  in  each  diameter  series  it  -was  usually  necessary  to  adjust 
one  or  more  of  the  velocities,  using  the  same  correction  factor  as 
before.  The  corrections  in  this  case  can  be  made  ■with  considerable 
confidence. 


The  data  analysis  of  a  typical  shot  is  displayed  in  Table  II, 

A  summary  of  the  charge  data  and  final  velocities  is  given  in 
Table  III,  We  attach  little  significance  to  the  indi'vldual  +  Lg^'s 
appeeiidng  in  this  table  since  the  sampling  errors  in  estlmating^^ 
such  a  statistic  in  a  single  experiment  are  large.  They  do  provide 
Ein  indication  of  the  dispersion  of  the  incremental  velocities 
observed  in  the  various  shots,  Ho^wever,  in  making  the  least  squares 
fits  to  equation  (l)  ■we  have  elected  to  treat  each  shot  as  a  single 
independent  observation  of  ■weight,  unity,  and  no  further  rise  is  made 
of  these  particiilar  +  in  the  subsequent  discussion. 

The  remainder  of  the  analysis  is  carried  out  in  two  steps,  the 
first  of  which  involves  obtaining  the  least  squares  fits  of  equation 
(l)  to  the  experimental  data.  This  is  straightforward,  and  the 
results  are  summarized  in  Table  IV,  From  each  fit  ve  obtain  an 
independent  estimate  of  the  variance  of  the  imderlylng  population,  sf. 
These  ■Were  tested  and  fotuid  to  be  homogeneous  by  Beirtlett's  test,'^^ 
inplylng  that  the  true  variance,  is  independent  of  p  (the  test 
also  ■was  made  on  the  confined  and  ■unconfined  shots  separa^tely,  ■with 
the  same  result).  The  ■variances  were  therefore  pooled  and  a  "value  of 
19.1,  "with  k2  degrees  of  freedom,  "was  obtained. 

The  second  step  is  somewhat  moie  complicated  and  Involves  obtain¬ 
ing  a  least  squares  fit  of  a  s^uitable  equation  to  the  velocity- 
density  data  (DooVS  p).  Preliminary  computation  indicated  that,  with 
considerable  accTuracy,  D*  is  a  linear  function  of  p  up  to  a  density 
of  about  1,53  gm/cc,  but  that  at  higher  densities  a  polynomial  fit 
would  be  requli^d.  The  fitting  procedure  finally  adopted  "was  as 
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TABLE  III  -  SU.n-lARY  OF  SHOT  DATA 
Confined  Charges 


Length  of  No,  of  Increments 


Density 

Increment 

Booster 

Rate 

■4* 

(gm/cc) 

Dia  (cm) 

Section 

Section 

D(m/sec) 

-  95 

0.9009 

1.951 

7.620 

3 

6 

4587.2 

3.2 

0.9009 

2.603 

7.620 

2 

7 

4632.3 

608 

0.9009 

3.906 

7.620 

2 

7 

1i-663*6 

5.7 

0.^09 

7.816 

15.240 

2 

7 

4713.4 

5*1 

1.0511 

1.951 

7.620 

2 

7 

5052. 

13.1 

1  z' 

1.0511 

2.603 

7.620 

2 

7 

5103.0 

4.6 

1.0511 

3.906 

7.620 

2 

7 

5133.7 

9.7 

l.o'5ll 

7.816 

15.240 

2 

7 

5180.8 

6.8 

1.2008 

1.954 

7.620 

2 

7 

5568.8 

8.0 

1.2008 

2.605 

7.620 

2 

7 

5598.3 

4.7 

1.2008 

3.908 

7.620 

2 

7 

5623.6 

3.1 

1.2008 

7.815 

15.240 

2 

7 

5662.1 

5o6 

5900.0  7.7 

5926.9  10.7 

5925.7  5.6 

5951.9  6.6 

5955.4  8.6 

5990.0  4.8 

5982.2  6.0 


1.4470 

1.951 

7.620 

3 

6 

6401.2 

10.4 

1.4470 

1.951 

7.620 

2 

7 

6398.9 

11.6 

1.4470 

2.603 

7.620 

2 

7 

6417.7 

2.7 

1.4470 

2.603 

7.620 

2 

7 

6425.9 

11.9 

1.4470 

3.908 

7.620 

2 

7 

6442.1 

11.1 

1.4470 

3.906 

7.620 

2 

6 

6443.9 

7.0 

1.4470 

7.816 

15.240 

2 

6 

6466.9 

2.1 

1.4470 

7.823 

15.2ltO 

2 

7 

6469*8 

5.4 

1.5342 

1.951 

7.620 

2 

7 

6732.9 

6.3 

1.5342 

2.603 

7.620 

2 

7 

6722.0 

11.7 

1.5342 

3.906 

7.620 

3 

6 

6742.2 

10.4 

1.5342 

7.813 

15.240 

2 

7 

6743.6 

5.9 

1.5695 

1.951 

7.620 

2 

7 

6816.5 

4.0 

1.5695 

2.603 

7.620 

2 

7 

6824.9 

2.4 

1.5695 

3.906 

7.620 

2 

7 

6833.8 

0.8 

1.5695 

7.816 

15.240 

2 

7 

6831.6 

1.8 
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1.3005 

1.3005 

1.3005 

1.3005 

1.3005 

1.3005 

1.3005 


1.905 

2.605 

2.605 

3.908 

3.908 

7.815 

7.816 


7.620 

7.620 

7.620 

7.620 

7.620 

15.240 

15.240 
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TABLE  III  -  Continued 

SUId'4ARY  OF  SHOT  DATA 


Confined  Charges 


Length  of  No,  of  Increments 


Density 

Increment 

Booster 

Rate 

(gm/cc) 

Dia  (cm) 

(cm) 

Section 

Section 

D(m/sec) 

-  ^95 

1.6359 

1.951 

7.620 

2 

7 

6933.0 

2.1 

1.6359 

2,603 

7.620 

2 

7 

6934.6 

l,6 

1.6359 

3.909 

7.620 

2 

7 

6938.5 

4.0 

1.6359 

7.823 

15.240 

2 

7 

6941.4 

3.1 

Unconfined  Charges 

1.4407 

1.951 

7.620 

2 

6 

6372.1 

8.6 

1.4407 

3.906 

7.620 

2 

7 

6423.3 

5.2 

1.4to7 

7.823 

12,700 

3 

6 

6447.5 

5.4 

1.5127 

1.951 

7.620 

1 

8 

6624.9 

1.7 

1.5127 

2.603 

7,620’ 

2 

7 

6644.0 

2.1 

1.5127 

3.906 

7.620 

3 

6 

6661.7 

7.6 

1.5127 

7.818 

7.620 

4 

5 

6684.5 

9.4 

1.5127 

7.818 

7.620 

4 

5 

668l«l 

23.9 

1.5627 

1.951 

7.620 

1 

8 

6802.7 

3.4 

1.5627 

2.603 

7.620 

2 

7 

6812.9 

2.3 

1.5627 

3.906 

7.620 

3 

6 

6831.9 

30.3 

1.5627 

7.818 

7.620 

4 

5 

6823.2 

8.6 

1.5627 

7.818 

7.620 

4 

5 

6832.1 

i4.7 

1.6094 

1.951 

7.620 

1 

8 

6901.8 

3.5 

1.6094 

2.603 

7.620 

2 

7 

6907.4 

21.3 

1.6094 

3.906 

7.620 

2 

7 

6902.9 

16.9 

1.6094 

7.816 

7.620 

4 

5 

6909.7 

3.0 

1.6094 

7.816 

7.620 

4 

5 

6907.4 

5.2 

1.6238 

1.951 

7.620 

2 

6 

6933.3 

3.2 

1.6238 

2.603 

7.620 

2 

7 

6929.1 

5.4 

1.6238 

3.909 

7.620 

2 

5 

6926,8 

6.3 

1.6238 

7.823 

15.240 

5 

4 

6930.3 

1*9 

1.6251 

O0693 

5.080 

2 

7 

6906.4 

10.8 

1.6251 

0.846 

5.080 

1 

3 

6905.3 

5.7 

1.6251 

1.090 

5.080 

2 

7 

6922.1 

2.3 

1.6251 

1.524 

5.080 

2 

7 

6923.6 

1.3 

1.6251 

2.540 

5.080 

2 

7 

6926.4 

5.2 

1.6251 

7.620 

5.080 

2 

7 

6928.3 

4.1 
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TABLE  III  -  Continued 

SlMyiARY  OF  SHOT  DATA 


Unconfined  Charges 


Density 

(gm/cc) 

Dia  (cm) 

Length  of 
Increment 
(cm) 

No.  of 

Booster 

Section 

Increments 

Rate 

Section 

D(m/sec) 

-  ^95 

1.6324 

1.951 

7.620 

1 

8 

6936.6 

2.3 

1.6324 

2.606 

7.620 

1 

7 

6941.1 

7.9 

1.6324 

3.909 

7.620 

2 

7 

6943.6 

9.0 

1.6324 

7.818 

7.620 

4 

5 

6941.2 

3.7 

1.6324 

7.818 

7.620 

4 

5 

6941.9 

5.2 
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14  1,6251  6  6933.6  20.8  0.027  0.018  6,931.3  7>,9 

15  _ 1.6324 _ 5  6944.0 _ 4.4  0.016 _ 0.059 _ 6,942.5 _ 10.2 
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follows;  We  define  a  step  function 

F(p,p*)  -  0  p  <  p* 

=  1  p  >  p* 

and  write 

+  a^p  +  P(p,p*)  l^agCp-p*)^  +  a2(p-p*)^j  (2) 

The  least  squares  normal  equations  are  readily  obtained  for  this 
function  in  the  usual  way.  However,  since  the  experimental  design  was 
not  symmetrical  (i.e.,  the  diameters  and  numbers  of  shots  fired  are 
not  the  same  for  all  densities),  the  correct  procedure  is  a  wei^ted 
least  squares  analysis  with  wei^t  factors 


j=l 


Tdiere  6  =  l/2R,  and  i  and  N.  are  as  in  Table  IV.  By  a  trial  and 
error  method  it  was  determined  that  5in  appropriate  value  for  p*  was 
1.53^2  gm/ccj  that  is,  values  of  for  densities  greater  than  this 
e:)diibit  significant  departtire  from  the  linear  part  of  equation  (2). 

The  final  result  of  the  analysis  is  as  follows: 

=  1872.7  +  37.2  +  (3187.2  +  27.1)  p  +  F(p,  1^53^)  [(-25,102 
+  10,212)  (p-l.53^2)^  +  (115,056  +  103,667)  (p-1.53^2)^J  (3) 

The  +  values  in  this  equation  are  the  95^  confidence  limits  of  the 
coefficients. 

2  This  part  of  the  analysis  also  provides  an  independent  estimate, 
S2,  of  the  variance  of  the  underlying  population.  We  find  ^  =  ^7*3 
with  11  degrees  of  freedm.  The  ratio  is  2.48,  from  which  it  is 

concluded  by  the  v^  test^^  that  the  two  varisinces  are  from  different 
populations.  The  observed  ratio  only  sli^tly  exceeds  the  critical 
ratio,  2.32  (5^  level),  and  it  is  quite  possible  that  this  conclusion 
is  the  result  of  a  small  fitting  error  introduced  into  the  analysis 
by  our  assunption  as  to  the  form  of  equation  (2).  However,  the  use 
of  a  more  conplicated  expression  hardly  seems  justifiable. 
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The  last  two  columns  of  Table  IV  contain  the  values  of  com¬ 
puted  from  equation  (3)  and  their  95^  confidence  intervals*  The 
confidence  intervals  are  obtained  from  the  equation. 


±  1-95  °co  = 
tf  Q 

*  (0.95,11) 


05  T 


L 

k=l 


L 


1/2 


where  X^=p,  3^=(p-p#)^,  and  X2=(p-p*)^. 
the  covariance  matrix.  Their  values  are 

The  are  the  elements  of 

=  3.2232 

=  -4.8lt6  X  10^ 

°22  “  ^ 

C13  =  4.036  X  10^ 

0^2  =  h.ejh  X  lo"^ 

C23  =  -4.582  X  10^. 

Figures  1  and  2  are  deviation  plots  for  the  reciprocal  diameter 
fits.  They  indicate  quite  clearly  that  our  diameter  effect  data  do 
not  depart  from  the  form  of  equation  (l)  in  any  systematic  way.  In 
3,  the  upper  curve  is  a  deviation  plot  for  the  whole  of  equation 
(3),  vdiile  the  lower  curve  illustrates  the  manner  in  which  the  high- 
density  data  depart  from  the  extrapolated  linear  portion  of  that 
equation. 


IV.  DISCUSSION 


We  have  seen  that  equation  (l)  accurately  represents  our  data 
over  the  range  of  diameters  studied  by  us,  bitt  its  use  for  extrapo¬ 
lation  purposes  needs  to  be  justified.  To  this  end  we  will  want  to 
make  use  of  the  observation  that  in  our  experiments  we  have 

^  >  0.985  (unconfined  charges)  ^  >  O.965  (confined  charges) 

■Mdo  m 

where  these  relations  hold  for  all  diameters  and  densities. 

Two  theories  of  the  diameter  effect  have .been  proposed,  the 
curved-front  theory, of .Eyring  and  coworkers'^'  and  the  nozzle 
theory  of  H.  Jones. In  both  cases  the  theory  was  developed  for 
three  types  of  confinement  —  no  confinement,  light  confinement,  and 
heavy  confinement.  We  are  hei^  concerned  only  with  the  first  and  last 
of  these. 

In  both  theories  the  existence  of  a  detonation  reaction  zone  of 
finite  length  x  is  assumed,  and  we  need  only  replace  a  by  x  in 
equation  (l)  to  obtain  the  result  given  by  the  curved-front  theory 
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Figure  1 

Deviation  plots  (experimental-calculated) 
for  reciprocal  diameter  fits  —  confined 
charges. 
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Figure  2 

Deviation  plots  (experimental-cedculated) 
for  reciprocal  diameter  fits  —  \mconfined 
charges. 
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Figure  3 

Deviation  plots  (experimental-predicted)  for  the  Doo  vs  p  data.  Open 
circles:  Confined  charges.  Pull  circles:  Unconfined  charges.  The 
xipper  graph  is  for  the  vhole  density  range  and  shows  the  deviation  of 
the  experimental  points  from  the  velocities  predicted  hy  equation  (3). 
The  error  flags  (xdxere  shown)  are  the  95^  confidence  intervals  calcu¬ 
lated  from  ^  (see  text).  In  the  lower  graph,  the  high-density  region 
has  "been  expanded  to  emphasize  the  departxire  from  linearity  (first  two 
teims  of  equation  (3)  )  in  this  region.  The  cinved  line  represents 
the  contrihxrtion  of  the  higher  order  terms  of  equation  (3). 
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for  Tinconfined  charges  (ve  assume  that  x  is  not  sensibly  dependent  on 
R),  The  corresponding  result  for  heavily  cased  charges  is 

^  =  1  -  0.88  I  sin  0 
00 

with  0  given  hy 

tan  0  =  -2- 


Here  p  and  D  axe  the  initial,  density  and  shock  velocity  in  the  con- 
fining^^materiSl,  respectively,  and  the  other  symbols  have  already  been 
defined.  Upon  inserting  reasonable  values  for  D  in  the  last  equation, 
we  find  that  in  our  experiments  tein  0  <  0.25,  and  hence  to  a  suffi¬ 
ciently  good  approximation  sin  0  tan  0.  Furthermore,  at  a  given 
density  p,  the  ex3)ression  \inder  the  radical  sign  varies  by  about 
twenty  percent  or  less,  while  E  varies  by  a  factor  of  four.  Hence 
well  within  the  precision  of  our  data  we  may  set 

1.76  sin  0  S  1.76  fi-V  ^  (p)  (4) 

Pc'  D 
c 

and  we  then  have 


D _ C  X 

D  ~  ^  "  2  E 
00 

which  is  of  the  desired  form.  Our  estimates  of  the  values  of  C  at  the 
densities  of  interest,  obtained  from  equation  (4),  are  as  follows: 

0  C 


0.9 

0.12 

1.05 

0.18 

1.2 

0.24 

1.3 

0.28 

1.45 

0.34 

1.53 

0.38 

1.57 

0.4o 

1.64 

0.43 

An  approximate  form  of  Jones'  equation  for  heavily  cased 
charges  is  . 
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Here  0  Is  the  expansion  angle  of  the  case,  and  the  ^ther  symhols  have 
the  meanings  already  assigned.  It  is  assumed  that  i  tan  0  is  small, 
and  indeed  -we  have  w  tan  0  <  0,01  for  d/d^  >  0,96.  "^nder  these  con¬ 
ditions  we  can  equally  well  •vnrite 


h,5  X  tan  0 


R 


'idiich  is  of  the  desired  form  providing  the  expansion  angle  is  constant 
at  a  given  loading  density.  This  would  appear  to  he  an  entirely 
reasonable  assumption.  We  note  in  passing  that,  to  within  about  a 
factor  of  two,  x  =  Ita  for  heavily  cased  charges  by  both  theories. 


The  Jones  theory  for  unconfined  charges  is  a  quite  different 
matter.  For  =  1  these  equations  can  be  written 


D  =  D„/1-  4.5  (r-  1)7 


■vdiei^  r  is  defined  parametrically  by 


r  =  1.85 
I  =  0.919 


(1  -  I  cot  0  ) 
sin  9 

1  +  cos  0 


If  in  this  case  we  assume  that  x  is  independent  of  R,  we  find  that  a 
plot  of  d/d  vs  x/E  curves  rather  sharp)ly  as  d/d^  -» 1,  so  that  it  is 
not  possible”to  obtain  a  reasonable  representation  of  our  results  by 
means  of  these  equations  unless  x  is  allowed  to  vary  with  R,  The 
functional  form  -vdilch  such  a  dependence  might  assume  is  not  contained 
in  either  theory,  and  hence  a  unique  solution  for  D^  cannot  be 
obtained. 

To  summarize  then,  for  x  independent  of  R,  and  for  d/d  =  1, 
equation  (l)  is  of  the  form  predicted  by  both  theories  for  heavily 
confined  ch^ges,  and  by  the  curved- front  theory  for  unconfined 
charges.  It  is,  under  these  same  conditions,  inconsistent  with  the 
results  of  the  nozzle  theory  for  unconfined  charges.  Nevertheless, 
we  feel  that  its  use  in  estimating  infinite  diameter  velocities  from 
our  finite  charge  data  has  been  adequately  justified  on  both  experi¬ 
mental  and  theoretical  grounds. 

Corresponding  to  the  reaction  zone  length  x  which  appeeired  in 
the  foregoing  discussion,  there  is  a  reaction  time  T,  These  are 
quantities  of  considerable  physico-chemical  interest  which  are  diffi¬ 
cult  to  measure  by  any  direct  method.  From  elementary  conservation 
of  mass  considerations,  they  are  related  by  the  equation 
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vhere  p  is  the  initial  density  of  the  explosive  and  p  is  the  average 
density  (unhuraed  explosive  plus  products)  in  the  reaction  zone.  The 
value  of  the  ratio  p/p  is  not  knovm,  hut  from  the  presumed  structure 
of  the  reaction  zone  (l)  ve  can  assert  that  Pqj/p  is  a  lower  hound 
•vAiere  p^^  is  the  density  at  the  Chapman- Jouguet  plane.  For  many 
explosives  Pqj/p  =  it  •  With  this  in  mind,  hut  otherwise  quite 

arhitrarily,  we  set  ^  T  =  ,  and,  in  Table  V,  we  have  summar¬ 

ized  the  values  of  x  and  T  com^ted  from  our  data,  using  the  results 
of  the  curved-front  theory.  In  Fig.  4,  x  is  plotted  as  a  function  of 
p.  PVom  this  figure  we  see  that  x  is  a  smoothly  decreasing  function 
of  p  over  the  whole  density  range,  becoming  quite  small  as  crystal 
density  (1.65^  gm/cc)  is  approached.  Similar  results  were  obtained 
by  Stesik  and  Akimova,  althoxigh  these  investigators  used  a  quite 
different,  empirically  calibrated  relationship  between  d/d^  and  x/R. 
The  dashed  line  in  Fig.  4  represents  the  dependence  of  x  on  p  accord¬ 
ing  to  the  data  of  their  paper.  The  differences  in  the  two  cmrves 
are  readily  explainable,  qualitatively  at  least,  if  the  TNT  used  by 
Stesik  and  Akimova  was  of  a  smaller  average  particle  size  (arotind 
kO  microns)  than  that  used  by  us.  It  is  not  unlikely  that  this  was 
the  case,  as  they  state  that  their  TNT  had  been  ball  milled. 

These  results  must  be  interpreted  with  some  reseive,  since  the 
theories  of  the  diameter  effect  are  imprecise,  sind  also-because  little 
is  known  about  the  actual  kinetic  structtire  of  the  reaction  zone. 
Regarding  the  latter,  one  reaction  mechanism  •vdiich  appears  consistent 
with  much  of  the  available  experimental  data  is  s^lrface  ignition, 
followed  by  inward  burning,  of  the  individual  grains. (13)  This 
mechanism  is  generally  referred  to  as  the  grain-burning  theory.  A 
decrease  in  x  with  p  would  be  expected  on  the  basis  of  this  theory, 
and  may  be  viewed  as  the  result  of  two  effects  —  a  decrease  in  grain 
size  due  to  crushing  of  the  grains  in  the  pressing  operation,  and  an 
increase  in  burning  rate  with  increasing  presstire  in  the  reaction  zone. 
It  is  of  some  interest  to  compare  the  data  of  Table  V  with  correspond¬ 
ing  estimates  made  on  the  basis  of  the  grain-bumlng  theoiy.  The 
comparison  is  most  readily  made  using  the  reaction  times  T.  If  the 
explosive  grains  are  asstmed  to  be  \iniform  spheres  of  radius  r,  and  if 
f  is  their  linear  (radial)  burning  rate,  than  we  have  t  =  r/f.  In 
practice  the  explosive  grains  are  neither  spherical  nor  tiniform  in 
size;  furthermore,  many  of  them  are  agglomerates  of  smaller  crystals, 
and  even  the  individual  crystals  may  have  internal  fissures  and  voids. 
Finally,  some  attrition  of  the  grains  must  occiar  d\iring  their  passage 
through  the  shock  front  (by  spalling,  for  example).  The  data  of 
Table  I  cannot,  therefore,  be  used  in  any  straightforward  way  to 
estimate  an  average  effective  grain  radius  for  the  reaction  time  cal¬ 
culations.  For  this  reason,  to  make  the  comparison  we  have  turned 
the  calculation  around,  and  from  the  values  of  T  given  in  Table  V  and 
estimated  values  of  f  we  have  calcTilated  r.  The  values  of  r  so 
obtained  are  then  to  be  compared  with  the  data  of  Table  I,  keeping 
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TABLE  V 


Reaction  Zone  Length  x  and  Reaction  Time  t  -  Cvirved-Kront  Theory 


Confined 

Unconfined 

p 

X  (mm)  T®'(|j,sec) 

X  (mm) 

r^(M,sec) 

0.901 

5.61  +  0.85 

1.78 

1.051 

3.45  +  0.52 

0.99 

1.201 

1.75  +  0.35 

0.46 

1.300 

1.31  +  0.19 

0.33 

i.iAi 

0,30  +  0.08 

0.07 

1.447 

0.80  +  0.l4 

0.19 

1.513 

0,22  +  0.06 

0.05 

1.534 

0.16  +  0.19 

0.04 

1.563 

0.10  +  0.06 

0.02 

1.570 

0.15  +  0.18 

0,04 

1.609 

0.02  +  0.06 

<0.01 

1.624 

-  0.01  +  0.03 

<0.01 

1.625 

0.03  +  0.02 

<0.01 

1.632 

0.02  +  0.06 

<0.01 

1,636 

0,08  +  0.16 

0.02 

^  Cacrputed  from  T  =  1,5  ^  ,  See  text. 
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Figure  4 

Detonation  reaction  zone  length  as  a  function  of  loading  density. 
Open  circles:  Confined  charges. 

Full  circles:  Unconfined  charges. 

Eiror  flags  shovm  are  95^  coxifidence  intervals. 

The  dashed  line  represents  data  hy  Stesik  and  Akimofva,  ref  3  (see 

text). 
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in  mind  the  above  comments  regarding  the  expected  relative  magnitudes 
of  the  tvo  sets  of  data* 

The  linear  burning  rate  of  TIMT  crystals  has  been  measured  by 
Jacobs  as  a  function  of  pressure  up  to  about  3000  atm.  The  details  of 
this  investigation  have  never  been  published  in  the  open  litera- 
tiire,(l^)  birt  the  huming  rate  of  TIOT  was  found  to  follow  an  equation 
of  the  form 


f  =  fc  . 


The  coefficient  k  is  temperature  dependent,  increasing  at  the  rate  of 
about  25^  for  each  10®C  rise  in  teraperatvire .  At  room  temperatu3:*e, 
k  =  0.53  X  10“O  for  f  in  mm/psec  and  P  in  atmospheres.  If  we  assume 
that  the  temperature  of  the  shocked  (but  unreacted)  explosive  is  900®C 
(vide  infra),  then  k  has  the  value  3.0  x  10“°.  The  exponent  n  was 
found  by  Jacobs  to  be  equal  to  0.8l.  Therefore,  for  the  burning  rate 
we  use  the  equation 


f 


=  3.0  X  10 


-6 


p0.8l 


and  hopefully  extrapolate  this  into  the  range  of  detonation  pressures. 
The  latter  also  must  be  estimated  in  the  density  range  of  interest. 

For  this  ptirpose  we  have  used  the  equation 

Ppj  =  2.75  X  10"3  p  (5) 

Trhere  P  is  given  in  atmospheres  for  D  in  m/sec.  This  choice  is  based 
in  part  on  the  results  of  hydrodynamic  calculations (15)  and  in  part  on 
an  experimental  value  at  p  =  1.455  gm/cc.(lo)  The  pressure  varies 
considerably  throughout  the  reaction  zone,  perhaps  by  as  much  as  a 
factor  of  two, (l)  being  higher  at  the  front  of  the  zone.  For  this 
reason  we  have  computed  the  burning  rates  using  a  press\ire  (assumed 
constant  throughout  the  reaction  zone)  20^  hi^er  than  that  given  by 
equation  (5),  The  results  of  these  calculations  may  be  summarized 
as  follows: 


TABLE  VI 


p 

P  X  10  ^ 

f  X  10^ 

r  X  10^ 

Grain  Dia 

(atm) 

(mm/jisec ) 

(ram) 

(microns ) 

0.90 

67 

24,4 

43.5 

87 

1.05 

94 

32.4 

32.1 

64 

1.20 

128 

41.3 

19.0 

38 

1.30 

155 

47.6 

15.7 

31 

1.45 

201 

59.2 

11.3 

23 
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The  agreement  between  the  nmbers  appearing  in  the  last  colnmn  of  this 
table  and  the  nmbers  which  mi^t  have  been  predicted  from  the  sieve 
analysis  data  is  stirprisingly  good,  particularly  in  view  of  the 
impressive  extrapolation  of  Jacobs*  burning  rate  equation  which  was 
involved  in  the  calciiLations . 

An  alternative  model  for  the  detonation  reaction  is  the  homo¬ 
geneous  adiabatic  decomposition  of  the  shock-heated  explosive, 
assuming  an  Arrhenius  rate  law*  Under  these  conditions  the  reaxition 
tiMe  is  given  by  the  equation 


E/RT© 


where  c  is  the  heat  capacity,  Q  is  the  heat  cf  reaction,  T  is  the 
temperatiare  of  the  shocked  explosive,  R  is  the  gas  constant,  and  Z 
and  E  are  the  preexponential  factor  and  activation  energy,  respec¬ 
tively,  in  the  Arrhenius  law.  In  this  equation  everything  but  R  is 
\jncertain  in  the  regime  of  interest  here.  We  begin  by  setting 
c  =  0,5  cal/gni/‘’C  and  Q  =  1000  cal/gm.  Temperatures  on  the  Hugoniot 
of  unreacted  TKT  have  be^n  computed  (15)  for  two  assumed  equations  of 
state,  one  of  the  Me-Gruneisen  fopa..and  the  other  of  the  form  cited 
by  Cowan  and  Fickett  for  graphite, In  both  cases  the  parameters 
in  the  equation  of  state  were  adjusted  to  fit  experimental  Hugoniot 
data  for  ucireacted  11®,^ ^9)  Similar  temperattires  were  obtained  with 
both  equations  of  state,  and,  for  the  pressures  and  densities  listed 
in  Table  VI,  \jb  have  T  S  12CX)®K,  It  is  of  interest  to  note  that,  in 
this  range,  a  100®  change  in  T^  changes  T  by  about  a  factor  of  three. 


The  greatest  uncertainty  arises  in  the  values  to  be  assigned 
to  E  fl.nH  z.  From  studies  of  the  thermal  decomposition  of  liquid  THT, 
Robert son\20)  obtained  z  =  10^*^  sec"^  and  E  =  34,4  kcal/mole, 

\diile  Cook  and  Abegg(2l)  obtained  Z  =  10^^*^  sec"^  and  E  =  43,4  kcal/ 
mole.  Inserted  in  the  above  equation,  with  the  previously  assigned 
values  of  c,  Q,  and  T  ,  these  rate  laws  lead  to  the  following  esti¬ 
mates  of  the  reactionuime; 

0,3  l^sec  (Robertson) 

1,5  psec  (Cook  and  Abegg) 

Thus  these  estimates  also  are  in  good  agreement  with  the  "e:q)eri- 
mental"  values.  On  the  other  hand,  we  view  them  as  even  less 
reliable,  and  by  a  considerable  margin,  than  the  binning  rate  cal¬ 
culations  summarized  in  Table  VI, 


We  conclude  this  discussion  of  reaction  zone  lengths  with  a 
few  general  comments.  First  of  all,  \hile  the  interpretation  of  our 
data  in  terms  of  the  combined  cmved-front/grain-burrLing  theories  has 
led  to  surprisingly  good  agreement  in  the  conputed  reaction  zone 
lengths,  this  agreement  cannot  be  cited  as  proof  of  any  part  of  the 
theory.  The  agreement  could  be  accidental,  and  the  only  justifiable 
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conclusion,  to  be  dna-vn  from  these  results  is  that  this  interpretation 
of  the  data  has  not  led  to  any  gross  inconsistencies. 

Secondly,  and  in  spite  of  this  agreement,  "we  feel  that  some 
modification  of  the  graln-bumlng  theory  mi^t  be  profitable.  The 
argument  is  as  follows;  When  a  soft  granular  material  is  shocked  to 
a  density  well  above  its  crystal  density,  it  would  seem  reasonable  to 
expect  that  the  individual  grains  would  completely  lose  their  identitjj 
so  that  the  model  of  inward  bimiing  grains  becomes  some'vdiat  implaus¬ 
ible.  On  the  other  hand,  the  discontinuities  in  the  material  (voids 
and  intergranular  contact  points)  are  likely  places  for  burning  to 
start  ~  by  spalling,  intercrystalline  friction,  or  adiabatic  com¬ 
pression  as  the  material  passes  through  the  shock  front.  These 
considerations  sviggest  that  the  reaction  may  proceed  through  the  out¬ 
ward  burning  of  numerous  small  hot  spots  (holes)  more  or  less 
randomly  distributed  throughout  the  compressed  material.  Both  the 
number  and  size  distribution  of  such  hot  spots  presiimably  would 
depend  on  the  strength  of  the  shock  in  such  a  manner  that  a  decrease 
in  reaction  zone  length  with  increasing  charge  density  would  result 
from  this  effect  as  well  as  tram,  the  increase  in  bimiing  rate. 

Reaction  zone  lengths  deduced  from  this  "hole  burning"  model  would  not 
be  expected  to  be  grossly  different  from  those  computed  from  the  grain 
burning  model.  Its  principal  advantage,  aside  from  plausibility 
considerations,  is  that  it  can  explain  a  wider  lange  of  reaction 
times.  Unforttmately,  this  same  flexibility,  which  is  an  inherent 
feature  of  the  model,  makes  simple  calculations  of  reaction  zone 
lengths  somewhat  more  difficult  to  justify  in  teims  of  the  conditions 
assumed  to  hold  initially  behind  the  shock  front.  Some  of  the  conse¬ 
quences  of  the  model  are  currently  being  explored  at  this  Laboratory. 

The  literatiire  abomds  in  detonation  velocity  data  on  TMT,  but 
most  of  it  was  obtained  before  the  development  of  accurate  instru¬ 
mental  methods  and  also  before  the  inportance  of  charge  geometry  and 
confinement  was  fully  appreciated.  We  will  here  consider  only  the 
more  recent  studies. 

Cybulski,  Payman,  and  Woodhead,  ^  using  a  rotating  mirror 
camera,  made  a  number  of  measurements,  mostly  on  cast  TNT,  in  which 
they  studied  the  effect  of  purity,  crystal  size,  charge  diameter, 
and  confinement.  From  their  data  they  deduce  a  limiting  velocity  of 
6950  m/sec  for  cast  TNT  at  a  density  of  1.624  gm/cc.  This  is  some 
25  m/sec  above  our  curve.  As  a  check  on  the  reproducibility  of  the 
method  they  also  determined  the  detonation  velocity  of  pressed  TNT  at 
a  density  of  1.00  gm/cc  in  1.25"  diameter  unconfined  charges,  using  a 
TNT  having  a  particle  size  two  to  three  times  larger  than  that  of  the 
TNT  we  used.  Their  velocity  of  4650  m/sec  is  over  300  m/sec  below 
what  we  would  predict  frm  our  results  for  confined  charges  of  this 
diameter  and  density.  This  emphasizes  the  importance  of  the  effects 
of  confinement  and  particle  size  on  detonation  velocities  deter¬ 
mined  at  low  loading  densities. 
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Copp  and  Ubhelohde^^^^  txsed  a  careful  application  of  the 
Dautriche  method  to  obtain  detonation  velocity  data  on  confined 
charges  of  cast  TKT  at  a  density  of  1.6o  gm/cc  with  various  charge 
diameters,  ftoiii  their  results  they  deduce  a  limiting  velocity  of 
6970  m/sec.  This  is  some  70  m/sec  above  our  curve  and  indeed  lies 
vexy  close  to  the  extrapolation  of  our  least  squares  line.  We  believe 
the  discrepancy  lies  in  the  method  used  by  Copp  and  Ubbelohde  to 
extrapolate  their  experimental  points  to  obtain  an  infinite  diameter 
velocity.  The  velocity  actually  reported  by  them  for  3"  diameter 
charges  is  685O  m/sec,  and  the  correlation  between  velocity  and 
diameter  is  not  statistically  significant  in  the  case  of  their  data. 

The  wartime  work  of  the  Explosives  Research  Laboratoiy  at 
Bruceton  has  never  been  published  in  the  open  literature  but  has  been 
summarized  in  an  OSRD  report, (2^)  Over  a  hundred  velocity  measure¬ 
ments  were  made  on  TUT  at  a  variety  of  densities,  charge  diameters, 
particle  sizes,  and  degrees  of  confinement.  The  data  are  difficult 
to  analyze  in  a  systematic  way,  but  a  limiting  velocity  curve  deduced 
by  the  investigators  is  given  as 

D  =  1785  +  3225  p 

\diich  is  in  good  agreement  with  our  results, 

Stesik  and  Akimova's  work  most  nearly  parallels  ours  in  plan 
and  objective,  although  it  differs  considerably  frcaa  ours  in  experi¬ 
mental  details  and  in  the  treatment  of  the  data.  Their  infinite 
diameter  velocities  eire  a  linear  function  of  p  up  to  1.55  gm/cc  and 
are  described  by  the  equation 


=  1669  +  33^2  p  . 

This  is  only  in  fair  agreement  with  our  equation  (3)»  Their  infinite 
diameter  velocities  are  some  70  m/sec  below  ours  in  the  low-density 
region  and  are  higher  than  ours  by  a  similar  amount  at  high  density. 

We  can  only  specialate  as  to  the  reasons  for  this.  The  difference  at 
low  density  may  be  a  consequence  of  their  extrapolation  procedure  and, 
more  directly,  of  the  method  they  used  to  calibrete  it.  The  situation 
at  high  density  is  more  obscure,  as  many  of  their  e:q)erimental 
velocities  are  higher  than  our  infinite  diameter  velocities. 

It  is  interesting  to  note  that  their  highest  density  point,  at 
1,62  gm/cc,  lies  some  83  m/sec  below  the  straight  line  determined  by 
their  other  four  experimental  points.  Thus  their  data  also  contain 
evidence  of  the  downward  curvature  of  the  D^-p  line  observed  by  tis 
in  the  high-density  region, 
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ABSTRACT 

An  "aquarium  technique"  for  the  measurement  of  detonation,  shock, 
and  impact  pressures  is  described  which  is  capable  of  measuring 
accurately  pressures  over  a  range  extending  from  roughly  one  to 
several  hundred  kilobars.  An  experimental  determination  of  the 
equation  of  state  for  water,  upon  which  use  of  the  aquarium  tech¬ 
nique  relies,  is  presented  and  compared  with  results  obtained  by 
other  investigators*  Similar  data  are  presented  for  Incite. 
Measurements  of  pressures  for  a  variety  of  explosives  including 
both  ideal  and  non-ideal  ones  are  presented  for  various  charge 
diameters  and  lengths  using  explosives  of  widely  different  reaction 
zone  lengths.  These  pressures  were  found  to  correspond  to  the 
Chapman -Jo uguet  value  of  the  detonation  pressure  calculated  from 
thermohydrodynamic  theory . 


*This  investigation  was  supported  by  the  U.S.  Navy  Bureau  of 
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Introduction 


When  a  shock  wave  propagates  through  an  undisturbed  medium  of 
density  pj^,  all  the  remaining  shock  wave  parameters  may  be  expressed 
uniquely  in  terms  of  any  one  chosen  parameter.  For  exapiple, 
pressure,  temperature,  and  particle  velocity  may  each  be  expressed 
uniquely  in  terms  of  the  velocity  of  the  shock  wave.  The  fact  that 
disturbances,  even  of  relatively  low  pressure,  propagate  in  water  as 
shocks,  coupled  with  the  fact  that  water  is  transparent,  thereby 
permitting  convenient  and  continuous  observation  of  shock  velocity 
by  a  streak  or  framing  camera,  suggest  that  water  can  be  used  as  a 
pressure  gauge  for  measuring  transient  pressures.  For  instance,  it 
may  be  used  to  measure  the  peak  pressures  in  detonation  waves  of 
condensed  explosives,  in  impact -generated  shocks  produced  by  the 
collision  of  a  moving  plate  with  a  fixed  plate,  or,  for  that  matter, 
it  may  be  used  to  measure  the  peak  pressures  of  shocks  in  various 
other  media  irrespective  of  the  mode  of  shock  generation. 

Before  water  can  be  used  as  a  pressure  measuring  meditim  its 
shock  parameters  must  be  known.  The  Rankine  Hugoniot  curves  for  water 
have  been  derived  by  a  number  of  investigators  including  Kirkwood 
and  MontraU.  Kirkwood  and  Richardson,  Richardson,  Arons  and 
Halverson, Arons  and  Halverson, and  Doering  and  Burkhardt. ^  ^ 

In  these  treatments  systematic  extrapolations  of  Bridgman* s^  ’  '  PVT 
data  for  water  were  made.  Probably  the  most  comprehensive  extrapo¬ 
lation  of  Bridgman* s  PVT  data,  however,  was  carried  out  by  Snay  and 
Rosenbaum^®)  who  used  more  recent  data  of  Bridgman'  *  '  which  for 

water  extended  to  36,500  kg/cm^  and  for  ice  VII  to  50,000  kg/cm  . 

A  different  approach  was  used  in  a  later  study  by  Walsh  and 
Rice.C^^)  In  their  method  an  intense  plane  shock  wave  was  generated 
in  an  aluminum  plate  by  the  detonation  of  a  slab  of  Composition  B  in 
contact  with  one  side  of  the  plate.  The  shock  through  a  portion  of 
the  plate  was  then  transmitted  into  water.  Higher  pressures  in  the 
aluminum  plate  were  reported  by  **slapping**  the  aluminum  plate  with  a 
thin,  high  velocity,  explosively  driven  plate  rather  than  detonating 
the  charge  directly  in  contact  with  the  test  aluminum.  By  application 
of  a  special  streak  camera  technique  pioneered  by  Walsh  and  co¬ 
workers  and  through  use  of  a  previously  derived  equation  of  state  for 
aluminum  the  shock  velocity  in  water  as  a  function  of  the  correspond¬ 
ing  shock  pressure  in  the  aluminum  at  the  interface  was  determined. 
Continuity  conditions  of  pressure  and  particle  velocity  across  the 
interface  between  the  aluminum  and  water  were  then  applied  to 
determine  the  Hugoniot  curves  for  water. 

In  determining  shock  parameters  for  water  a  factor  which  should 
be  considered  is  the  possibility  of  a  phase  change  of  the  medium 
within  the  Shock  wave.  This  possibility  was  investigated  by  Snay 
and  Rosenbaum(S)  and  by  Walsh  and  Rice.C^^)  According  to  Snay  and 
Rosenbaum  the  Rankine  Hugoniot  curve  for  supercooled  water  and  the 
Rankine  Hugoniot  curve  for  partially  frozen  water  are  never  far 
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apart,  and  thus  the  shock  velocity  would  not  be  materially  affected 
if  freezing  did  occur.  Since  partial  freezing  of  a  liquid  should 
lead  to  reduced  transparency,  because  of  differences  in  indices  of 
refraction  of  water  and  ice,  Walsh  and  Rice  carried  out  some  trans¬ 
parency  experiments  of  water  being  traversed  by  a  shock  wave  in  the 
pressure  range  of  30  to  100  kilobars.  No  sign  of  opacity  due  to 
freezing  was  observed.  They  concluded  therefore  that  even  though 
P,  T  conditions  might  be  proper  for  freezing  under  static  conditions, 
the  time  the  liquid  was  under  the  correct  conditions  within  the 
shock  wave  apparently  was  too  short  for  freezing  to  occur. 

In  using  water  as  a  pressure  gauge  (by  observing  the  trans¬ 
mission  of  the  shock  into  it)  one  must  calculate  from  the  measured 
shock  pressure  in  water  the  pressure  in  the  adjacent  medium  of 
interest  from  which  the  water  shock  was  transmitted.  In  a  previous 
application  of  the  "aquarium  technique"  for  the  measurement  of 
pressure,  two  procedures  were  used  to  perform  such  a  calculation. 

The  first  method,  which  was  considered  the  more  exact  one,  was 
patterned  after  a  treatment  given  by  Riemann  for  a  shock  propagating 
across  a  boundary  into  a  medium  of  lower  impedance.  The  second 
method  utilized  the  shock  "impedance  mismatch"  equation 


Pi  “ 


PtCPtVt  +  PiVp 

2PtV^ 


(1) 


where  p  is  pressure,  p  is  initial  density  of  the  medium  before  being 
traversed  by  a  shock,  V  is  the  velocity  of  the  shock,  and  subscripts 
i  and  t  designate  the  incident  medium  and  the  transmitting  medium, 
respectively.  Although  the  shock  impedance  mismatch  equation 
theoretically  should  only  be  accurate  when  the  wave  reflected  at 
the  interface  is  a  weak  shock,  in  the  investigations  covered  by 
Ref.  12  where  the  reflected  wave  was  a  rarefaction,  equation  (1) 
was  found  to  yield  results  in  very  good  agreement  with  the  first 
method.  Consequently,  in  the  present  study  equation  (1)  was  used 
to  calculate  p^  from  measured  values  irrespective  of  whether  the 
reflected  wave  was  a  release  wave  or  a  shock  wave . 

This  paper  presents  results  obtained  by  application  o|  the 
aquarium  method  for  the  measurement  of  detonation  pressures  of  a 
number  of  explosives. 

Furthermore,  since  the  results  of  Snay  and  Rosenbaum  were 
derived  from  an  extrapolation  of  low  pressure  PVT  data,  and  since 
the  curve  of  Walsh  and  Rice  is  dependent  upon  the  equation  of  state 
of  aluminum  and  application  of  continuity  conditions  across  the 
aluminum -water  interface,  results  of  a  shock  parameter  study  for 
water  by  a  third,  independent  method  are  described.  Less  compre¬ 
hensive  results  are  also  presented  for  lucite  which,  like  water, 
possesses  desirable  characteristics  for  use  as  the  transmitting 
medium  of  a  pressure  gauge. 
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Experimental 

(a)  Shock  parameter  determinations 


The  shock  parameters  which  are  of  interest  in  this  study  are 
related  by  the  familiar  hydrodynamic  equations 


p  -  =  Pj^VW 

(2a) 

W/V  =  [l-(pj^/p)] 

(2b) 

and  the  approximate  relation 

W  *  Vj/2 

(3) 

where  p  is  the  pressure,  p  is  the  density,  V  is  the  shock  velocity, 
the  free  surface  velocity,  and  W  is  the  particle  velocity,  the 
subscript  1  indicating  initial  conditions  before  passage  of  the 
shock  wave.  Equation  (3)  expresses  the  fact  that  the  particle 
velocity  in  the  shock  at  a  free  surface  is  approximately  twice  the 
particle  velocity  in  the  shock  in  the  medium  in  question. 

The  method  used  for  determining  the  shock-parameter  data  for 
water  and  some  of  the  data  for  Incite  consisted  of  simultaneous 
measurements  of  the  shock  velocity  immediately  inside  the  free  sur¬ 
face  and  the  free  surface  velocity  as  the  shock  emerged  from  the 
water  or  Incite.  Observations  of  the  shock  and  free  surface  vel¬ 
ocities  were  made  with  a  rotating  mirror  streak  camera  using  diffuse 
backlighting  from  an  explosive  flash  bomb  to  show  the  propagation  of 
the  shock  wave  and  the  free  surface.  Fig.  1  illxjstrates  the 
aquarium  setup.  Note  that  point-initiated  charges  were  used.  For 
this  reason  it  was  necessary  that  the  slit  view  of  the  streak  camera 
lie  along  the  charge  axis  in  order  to  obtain  the  correct  values  of 
shock  velocity  and  the  corresponding  free  surface  velocity.  Care 
was  also  taken  in  the  alignment  for  the  free  surface  in  the  cases 
of  both  the  water  and  the  Incite  to  lie  on  the  optic  axis  of  the 
system  so  that  the  view  of  the  camera  was  flush  with  the  free  surface. 

Two  sizes  of  aquaria  were  used,  the  smaller  being  6"  x  6*'  x  6** 
and  the  larger  12"  x  12"  x  8",  the  size  of  the  aquarium  being 
dictated  by  the  height,  h,  of  water  above  the  receptor  charge.  As 
h  was  increased  above  a  certain  limit  the  dimensions  of  the  aquarium 
had  to  be  increased  due  to  the  fact  that  the  shattering  of  the  glass 
propagated  with  a  velocity  which  exceeded  the  shock  velocity  in  the 
liquid.  Increasing  the  size  of  the  aquarium,  of  course,  resulted  in 
an  increased  path  length  for  fracture  which  permitted  the  events  of 
interest  at  the  water -air  interface  to  be  photographed  before  they 
were  obscured. 

The  pressure  or  velocity  of  the  shock  wave  when  it  reached  the 
air  surface  was  varied  primarily  by  one  of  two  methods:  (1)  By 
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varying  the  height,  h,  of  the  liquid  above  the  surface  of  the  genera¬ 
tor  charge,  and  (2)  by  varying  the  size  of  the  shock-generator  charge, 
since  use  of  smaller  diameter  generator  charges  resulted  in  a  greater 
attenuation  of  the  shock  in  water.  With  3"  diameter  x  3*'  length 
shock-generator  charges  and  2"  diameter  x  2‘*  length  donor  charges 
of  Composition  B  thepressure  of  the  shock  wave,  when  it  reached  the 
water -air  interface,  could  be  varied  conveniently  between  an  upper 
limit  of  about  130  kb  when  the  height  of  the  liquid  was  0.5  cm  and 
a  lower  limit  of  about  30  kb  using  a  liquid  height  of  about  7  cm. 

For  lower  pressure,  rather  than  employing  further  increases  of 
water  height,  it  was  more  convenient  to  reduce  the  size  of  the  charge. 
Consequently,  for  pressures  below  roughly  30  kb  and  down  to  as  low 
as  1  kb,  1"  diameter  x  1"  length  Composition  B  shock-generator 
charges  and  1"  diameter  x  3**  length  donor  charges  were  used.  The 
calibration  curve  was  extended  to  155  kb  by  using  a  charge  based  on 


Fig*  1:  Aquariiam  setup  for  measuring  velocity  of  water  shock 
along  the  charge  axis  and  free  surface  velocity. 


HMX  as  the  shock-generator  charge.  This  value  was  sufficiently 
high  for  measurements  of  detonation  pressures  of  the  explosives  of 
interest.  Walsh  and  Rice  reported j  however,  extending  shock  para¬ 
meter  data  to  above  300  kb  by  hurling  an  explosively  driven,  thin, 
flat  plate  across  a  short  air  gap. 

The  silhouette-type  lightbomb  comprised  a  4”  diameter  x  3" 
length  50/50  TNT/Composition  B  charge  inserted  in  a  4"  x  30”  paste¬ 
board  tube  of  about  1/16”  wall  thickness.  A  sheet  of  translucent 
polyethylene  plastic  was  taped  to  the  front  of  the  tube  which 
served  as  a  diffusing  screen.  The  height  of  the  lightbomb  was 
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adjusted  so  that  the  surface  of  the  water  in  the  aquarium  was 
approximately  in  line  with  the  center  of  the  front  of  the  lightbomb 
as  viewed  by  the  camera.  The  aquariiam  assembly  and  the  streak 
camera  were  arranged  such  that  the  slit  view  of  the  streak  camera 
was  as  shown  in  Fig.  1,  i.e.,  perpendicular  to  the  water -air  inter¬ 
face  and  lying  along  the  axis  of  the  generator  charge.  Consequently, 
with  proper  synchronization  of  the  lightbomb,  a  streak  camera  trace 
was  obtained  of  the  shock  propagating  through  the  liquid  to  the 
water -air  interface.  When  the  shock  front  reached  the  surface  of 
the  water  the  trace  shewed  a  rarefaction  wave  propagating  back  into 
the  water  and  the  spalling  of  the  water  surface.  This  spall 
apparently  is  in  the  form  of  a  very  fine  spray  because  it  is 
relatively  opaque  and  permits  photographing  the  motion  of  its  front 
and  thus  the  direct  recording  of  the  free  surface  velocity. 

Fig.  2  reproduces  a  typical  streak  camera  trace  showing  the 
attenuating  shock  wave,  the  release  wave,  and  spall.  Note  that  the 
spall  velocity  is  very  constant.  The  results  of  interest  obtained 
from  the  films  are  the  shock  velocity  just  as  the  shock  reached  the 
interface  and  the  free  surface  or  spall  velocity.  Both  these 
measurements  were  obtained  from  the  slopes  of  the  traces  at  the 
interface  through  application  of  the  proper  magnification  factors 
and  camera  writing  speed.  The  writing  speed  of  the  camera  in  general 
was  chosen  such  that  the  slopes  of  the  shock  wave  trace  and  the  free 
surface  trace  about  equally  bracketed  the  slope  corresponding  to  a 
45 angle. 

The  water  used  in  this  investigation  was  ordinary  tap  water 
rather  than  distilled  water  because  the  amounts  required  were  rather 
large  (some  aquaria  holding  seven  gallons)  and  the  difference 
between  the  compressibility  of  distilled  water  and  tap  water  is 
small.  The  temperature  of  the  water  was  20®C  + 

A  few  shock-parameter  determinations  for  lucite  were  made  in 
the  same  manner  as  those  for  water,  i.e.,  by  simultaneous  measure¬ 
ments  of  shock  velocity  at  the  free  surface  and  the  free  surface 
velocity.  However,  a  greater  number  of  determinations  were  made  by 
transmitting  the  shock  from  lucite  into  water,  measuring  the  final 
velocity  of  the  shock  in  lucite  and  the  initial  velocity  of  the 
shock  in  water  by  means  of  a  streak  camera  (utilizing  a  silhouette 
backlight  bomb  to  render  the  shocks  visible),  and  then  by  means  of 
the  previously  obtained  equation  of  state  for  water  and  equation  (1^ 
calculating  the  shock  pressure  in  lucite  immediately  inside  the 
lucite -water  interface.  The  shocks  in  lucite  were  generated  by 
the  detonation  of  4.8  cm  diameter  x  18  cm  length  point  initiated, 
cylindrical  Composition  B  charges.  As  in  the  aquarium  method  the 
assemblies  were  carefully  aligned  in  order  that  the  slit  view  of 
the  streak  camera  fell  along  the  charge  axis  which  made  the  use  of 
expensive  plane  wave  initiators  unnecessary.  The  strength  of  the 
shock  in  lucite  at  the  lucite -water  interface  was  regulated  by 
varying  the  thickness  of  lucite  between  the  charge  and  the  water. 


362 


Cook,  Keyes,  Ursenbach 


Fig*  2:  Typical  streak  camera  trace  obtained  using  the 
arrangement  of  Fig.  1  (shock  parameter  determin 
ation  for  water) . 
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The  diameter  of  the  lucite  was  in  all  cases  sufficiently  large  to 
shield  the  detonation  products  from  the  region  where  the  motion  of 
the  shock  wave  was  observed. 


(b)  Detonation  pressure  determinations 

Fig.  3  illustrates  the  aquarium  assembly  used  for  measuring  the 
initial  velocity  of  the  shock  (and  pressure)  in  water  transmitted 
directly  from  a  detonation  wave.  As  in  the  previous  cases  the 
assembly  was  aligned  such  that  the  streak  camera  observations  were 
made  along  the  charge  axis,  the  height  and  tilt  of  the  assembly 
being  such  that  the  bottom  face  of  the  charge  in  this  case  was 
coincident  with  (and  parallel)  to  the  optical  axis  of  the  camera. 

The  streak  camera  at  this  installation  viewed  upward  through  a 
periscope  in  which  the  line  of  sight  was  reflected  to  a  horizontal 
direction  by  a  front  surface  mirror.  The  camera  was  mounted  on  a 
turntable  and  three supporting  casters^  permitting  rotation  of  the 
camera  about  its  optic  axis.  Thus  the  slit  view  of  the  camera  could 
conveniently  be  adjusted  to  either  the  horizontal  or  vertical  dir¬ 
ection  or  to  any  position  between  them  simply  by  rotation  of  the 
turntable.  This  method  of  mounting  the  camera  therefore  permitted 
the  proper  alignment  to  be  made  with  ease. 

The  cast  charges  were  detonated  with  the  bare  end  immersed  in 
the  aquarium.  However,  in  cases  where  there  existed  the  possibility 
of  absorption  of  water  or  solution  of  some  of  the  charge  components 
the  charges  were  sprayed  with  Krylon  for  waterproofing.  Charges 
made  up  from  granular  or  loose  material  were  vibrator -packed  in 
thin -walled  (approximately  1/16*'  thick)  cardboard  tubes.  The  ends 
of  the  charges  which  were  immersed  in  water  in  these  cases  were 
"closed  off"  with  a  layer  of  polyethylene  3  mils  thick  which  was 
too  thin  to  affect  appreciably  the  shock  transmitted  into  the  water. 

The  average  densities  of  all  charges  were  determined  just  prior 
to  firing.  In  addition  to  the  determination  of  the  initial  velocity 
of  the  shock  transmitted  into  water  the  detonation  rate  of  the  charge 
was  measured,  and  thus  all  variables  were  evaluated  whose  magnitudes 
were  required  in  the  impedance  mismatch  equation  for  calculation  of 
pressure  in  the  incident  medium  in  terms  of  that  in  the  transmission 
medium.  Detonation  velocities  as  well  as  the  initial  shock  velocities 
were  calculated  from  the  slopes  of  the  traces.  This  procedure  when 
carefully  applied  was  found  to  yield  satisfactory  results  even  for 
the  initial  shock  velocity  determinations  because  case  was  taken  to 
obtain  traces  of  approximately  45®  slope  but  more  importantly 
because  in  many  cases  (with  theprimary  exception  of  short  pharges) 
the  attenuation  of  the  water  shock  during  the  initial  stages  proved 
not  to  be  rapid. 


Numerous  measurements  of  the  peak  pressure  in  the  detonation 

wave  to  detect  pressures  higher  than  the  C-J  pressure  have  been 

(13, 14) 


carried  out  previously. 


However,  these  experiments  utilized 
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Fig.  3:  Aquarium  assembly  for  measurement  of  velocity  along 
the  axis  (and  pressure)  of  the  transmitted  shock 
in  water  from  a  detonation  wave. 


measurements  of  free  surface  velocity  from  aluminum  acting  as  the 
transmissio^i  medium  for  shocks  generated  by  detonation  of  the 
explosive  in  contact  with  the  test  sample.  Since  the  observations 
were  carried  out  on  the  free  surface  or  exit  side  of  the  aluminum 
rather  than  at  the  explosive -metal  interface,  questionable  measure¬ 
ments  with  very  thin  plates  were  required, requiring  also 
extrapolations  to  zero  thickness  to  determine  the  pressure  or 
particle  velocity  at  the  detonation  front. 

The  difficulties  in  using  excessively  thin  plates  in  the  method 
of  Ref.  13  and  14  were  amplified  by  the  fact  that  experiment's  were 
devoted  mainly  to  explosives  of  short  reaction  zone  length,  such  as 
Composition  B,  cast  TNT,  and  fine,  granular  TNT  for  which  the 
detonation  ”spike"  would  be  “erased"  quickly  as  it  propagated  into 
the  aluminum.  In  the  aquarium  method,  however,  where  a  continuous 
observation  of  the  shock  wave  velocity  from  the  explosive-water 
interface ‘outward  into  the  liquid  is  possible,  one  does  not  need  to 
use  thin  layers  of  the  transmitting  medium.  Admittedly  a  streak 
camera  may  not  be  able  to  resolve  very  rapid  changes  in  velocity 
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(or  pressure)  in  a  short  distance  near  the  explosive -water  interface. 
Consequently,  in  this  study  emphasis  was  placed  upon  the  use  of 
explosives  known  to  possess  long  reaction  zone  lengths  and  especially 
those  whose  characteristic  impedances  very  nearly  equalled  the  shock 
impedance  of  water,  thus  assuring  that  the  impedance  mismatch 
equation  represented  a  good  approximation  for  the  pressure  in  the 
explosive* 

The  explosives  included  in  this  study  were  pelleted  TNT  of 
standard  Tyler  mesh  sizes,  -4+6,  -6+8,  -8+10;  -48+65  granular  TNT;  and 
cast  50/50  amatol.  Also  included  here  are  measurements  made  by 
Bauer for  the  "blasting  agents", 94/6  AN/fuel  oil  and  the  coarse 
TNT  and  Composition  B  "slurries" because  the  reaction  zone  lengths 
of  blast  ing  agents  are  quite  likely  among  the  greatest  of  all 
detonating  explosives.  Also  additional  measurements  are  included 
for  explosives  of  much  shorter  reaction  zone  length,  namely 
granular  RDX,  granular  RDX-salt,  cast  TNT,  cast  65/35  baratol, 

50/50  pentolite.  Composition  B,  HBX-1,  and  a  special  explosive  X. 
Measurements  of  this  sort  have  been  presented  previously  for  pento¬ 
lite,  Composition  B,  TNT  and  tetryl  by  Cook,  Pack  and  McEwan.^  ^ 

Except  for  a  study  with  Composition  B  and  one  with  a  special 
explosive  X  where  charge  length  was  varied  to  observe  transient 
effects  of  pressure  vs  charge  length  the  charge  lengths  used  in  this 
investigation  were  all  at  least  four  charge  diameters  in  order  to 
insure  that  the  detonation  velocity  was  constant  before  the  deto¬ 
nation  front  reached  the  end  of  the  charge.  In  the  case  of  the 
pelleted  TNT  and  the  blasting  agents,  all  of  which  possessed  long 
reaction  zone  lengths,  the  charge  diameters  were  varied  between 
values  extending  in  some  cases  from  the  critical  diameter  to  a 
diameter  sufficiently  large  for  the  detonation  velocity  to  be  nearly 
ideal . 

Results 

(a)  Shock  parameter  determinations 

Table  I  presents  the  experimental  shock  velocity,  free  surface 
velocity,  particle  velocity  (W  ^  Vfg/2)  and  pressure  results  for 
water.  In  Fig.  4  are  plotted  the  experimental  points  with  pressure 
as  the  ordinate  and  shock  velocity  as  the  abscissa.  Fig.  5  presents 
a  similar  plot  in  which  the  low  pressure  part  of  the  curve  of  Fig.  4 
has  been  expanded  to  a  larger  scale.  On  both  figures  the  smooth 
curve  through  the  points  represents  an  approximate  best  fit  as 
"drawn  by  eye"  to  the  data.  Velocity-pressure  values  from  this 
curve  of  best  fit  are  given  in  Table  II  and  represent  the  most 
reliable  values. 

Results  of  Snay  and  Rosenbaum, and  Walsh  and  Rice^^^^  also 
are  plotted  in  Fig.  4.  Note  that  Snay  and  Rosenbaum* s  results 
agree  with  the  results  of  the  present  study  at  pressures  up  to  about 
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Table  I:  Experimental  shock  parameter  data  for  water 
(20®C  +  5C') 


Shot 

Shock 

Free 

Particle 

Shock 

No.* 

Velocity 

Surface 

Velocity 

Pressure 

(m/  sec) 

Velocity 
(m/ sec) 

(m/sec) 

(kilobars) 

170 

1630 

143 

72 

1.16 

182 

1710 

229 

115 

1.96 

167 

1810 

355 

178 

3.21 

168 

1890 

377 

189 

3.57 

178 

1780 

360 

180 

3.20 

179 

1820 

368 

184 

3.35 

169 

2050 

556 

278 

5.70 

177 

2070 

550 

275 

5.69 

176 

2110 

605 

303 

6.38 

29 

2410 

940 

470 

11.3 

40 

2260 

900 

450 

10.2 

41 

2300 

920 

460 

10.6 

174 

2800 

1010 

505 

14.1 

175 

2760 

1020 

510 

14.1 

171 

3540 

1600 

800 

28.3 

199 

3510 

1780 

890 

31.2 

21 

3680 

1740 

870 

32.0 

187 

4000 

2150 

1080 

43.0 

6 

4330 

2760 

1380 

59.8 

19 

4240 

2830 

1420 

60.0 

193 

4250 

3160 

1580 

67.2 

195 

4490 

3080 

1540 

69.1 

194 

4750 

3130 

1570 

74.3 

196 

4720 

3040 

1520 

71.7 

5 

4650 

3160 

1580 

73.5 

13 

4810 

3310 

1660 

79.6 

32 

4610 

3080 

1540 

70.9 

201 

4930 

3230 

1620 

79.6 

202 

4750 

3230 

1620 

77.8 

203 

4750 

3280 

1640 

77.9 

17 

4680 

3420 

1710 

80.0 

30 

4900 

3290 

1650 

80.6 

204 

5070 

3540 

1770 

89.7 

205 

4900 

3560 

1780 

87.2 

206 

4900 

3570 

1790 

87.5 

207 

4870 

3540 

1770 

86.2 

200 

4810 

3380 

1690 

81.2 

18 

4960 

3800 

1900 

94.2 

5070 

3840 

1920 

97.3 

<  Note: 

Shot  number 
writers. 

has  been 

included  for  convenience  of 
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Table  I:  Continued 


Shot 

Shock 

Free 

Particle 

Shock 

No.* 

Velocity 

Surface 

Velocity 

Pressure 

(m/ sec) 

Velocity 
(m/ sec) 

(m/sec) 

(kilobars) 

4 

5080 

3850 

1930 

98.0 

190 

5070 

4200 

2100 

106 

11 

5470 

4100 

2050 

112 

189 

5380 

4210 

2110 

113 

192 

5530 

4120 

2060 

114 

213 

5570 

4110 

2060 

114 

1 

5480 

4690 

2350 

128 

2 

5580 

4440 

2220 

124 

3 

5320 

4500 

2250 

120 

10 

5610 

4400 

2200 

123 

36 

5420 

4440 

2220 

120 

37 

5330 

4490 

2250 

120 

38 

5410 

4530 

2270 

122 

34 

5660 

4730 

2370 

134 

9 

6050 

4720 

2360 

143 

183 

6010 

5040 

2520 

151 

181 

6130 

4980 

2490 

153 

184 

6270 

5090 

2550 

160 

185 

6200 

5150 

2580 

160 

186 

6290 

4980 

2490 

157 
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Fig.  4:  Experimental  shock  velocity  vs  pressure  data  for  water. 
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Table  II:  Smoothed  shock  parameter  results  for  water 
(2a®C  +  5C°) 


Shock 

Shock 

Shock 

Shock 

Velocity 

Pressure 

Velocity 

Pressure 

(m/ sec) 

(kilobars) 

(m/  sec) 

(kilobars) 

1450 

Sonic 

3450 

30.0 

1620 

1.0 

3820 

40.0 

1740 

2.0 

4120 

50.0 

1840 

3.0 

4350 

60.0 

1940 

4.0 

4570 

70.0 

2020 

5.0 

4780 

80.0 

2100 

6.0 

4980 

90.0 

2170 

7.0 

5170 

100.0 

2240 

8.0 

5350 

110.0 

2310 

9.0 

5530 

120.0 

2380 

10.0 

5700 

130.0 

2680 

15.0 

5870 

140.0 

2980 

20.0 

6040 

150.0 

6200 

160.0 
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10  kb,  and  from  thence  there  is  a  tendency  for  their  data  to  bear  to 
the  left  showing  that  their  results  indicate  a  greater  compressibility. 
The  results  of  Walsh  and  Rice  fall  about  midway  between  those  of 
Snay  and  Rosenbaum  and  this  study.  The  differences  in  compression 
between  the  results  of  Walsh  and  Rice,  which  should  be  more  compre¬ 
hensive  than  Snay  and  Rosenbaum’s  data,  and  the  data  of  this  study 
were  3.27o  for  a  shock  velocity  in  water  of  3500  m/sec  and  2.8%  for 
a  shock  velocity  of  5500  m/sec,  corresponding  to  pressures  of  31  kb 
and  125  kb,  respectively.  The  disagreement  in  pressures  at  these 
two  velocities  amounts  to  9.7%  for  the  bwer  velocity  and  4.27o  for 
the  higher  one. 

The  agreement  between  the  shock  parameter  data  for  water  obtain¬ 
ed  by  Walsh  and  Rice  and  the  data  of  this  investigation  is  reasonably 
good.  One  may  conclude,  therefore,  that  the  Rankine  Hugoniot  curves 
for  water  are  now  known  with  sufficient  accuracy  that  water  may 
reliably  be  used  as  the  transmission  medium  for  the  measurement  of 
pressures  in  shock  and  detonation  waves. 

In  Table  III  are  listed  shock-parameter  results  for  lucite  in 
the  form  of  shock  velocity  vs  shock  pressure,  the  data  being 
portrayed  graphically  in  Fig.  6.  No  differentiation  was  made  in 
either  case  as  to  which  of  the  two  methods  was  used  to  obtain  a 
given  p(V)  point  because  the  results  of  the  two  methods  were 
indistinguishable  within  the  limits  of  the  experimental  error 
involved.  The  smoothed  results  lepresenting  the  most  reliable 
values  are  given  in  Table  IV.  Note  that  in  Fig.  6  the  curve  was  not 
extended  to  the  sonic  velocity  because  it  was  found  that  considerable 
variation  existed  in  values  of  sonic  velocity  available  for  lucite, 
and  thus  the  true  value  was  uncertain. 

(b)  Detonation  pressure  measurements 

Results  obtained  for  the  military-type  explosives  in  which  the 
charge  length  was  maintained  at  approximately  4  diameters  to  assure 
that  the  detonation  wave  was  steady  are  listed  in  Table  V.  All  the 
charges  in  this  case  may  be  considered  to  be  unconfined,  the  cast 
charges  being  bare  and  the  loose  charges  being  contained  in  1/16" 
thick  pasteboard  tubing.  In  Table  V  are  listed  the  type  explosive, 
the  charge  density,  the  charge  diameter,  the  measured  detonation 
velocity  (D),  the  initial  velocity  of  the  shock  transmitted  into 
water  (V.),  the  initial  pressure  of  the  shock  front  in  water  (p^) > 
the  ideal  or  hydrodynamic  velocity  D*  corresponding  to  the  given 
density,  the  pressure  of  the  detonation  wave  or  incident  wave  (p^) 
calculated  through  application  of  equation  (1)  (the  impedance  mis¬ 
match  equation),  the  ideal  detonation  pressure  calculated  by  means 
of  thermohydrodynamic  theory  as  outlined  in  Ref.  19,  the  ratio  of 
pressure  of  the  incident  wave  or  detonation  wave  to  ideal  detonation 
pressure,  and  the  (D/D*)^  ratio. 
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Table  III: 

Experimental  shock 

parameter  data  for 

luclte. 

Shock 

Shock 

Shock 

Shock 

Velocity 

Pressure 

Velocity 

Pressure 

(m/sec) 

(kilobars) 

(m/sec) 

(kilobars) 

3300 

19 

4000 

33 

3400 

23 

4000 

35 

3520 

23 

4400 

48 

3700 

27 

4620 

59 

3740 

29 

5370 

105 

3800 

30 

6040 

134 

3800 

31 

6200 

166 

3950 

32 

6360 

169 
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Fig.  6:  Experimeatal  shock  velocity  vs  pressure  data  for  luclte. 
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Table  IV:  Smoothed  shock  parameter  data  for  lucite. 


Shock 

Shock 

Velocity 

Pressure 

(m/sec) 

(kilobars) 

3350 

20 

3820 

30 

4160 

40 

4430 

50 

4670 

60 

4880 

70 

5070 

80 

5250 

90 

Shock 

Shock 

Velocity 

Pressure 

(m/  sec) 

(kilobars) 

5410 

100 

5560 

110 

5700 

120 

5840 

130 

5960 

140 

6100 

150 

6210 

160 

6330 

170 
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Table  V:  Experimental  pressure  measurement  results  for  military  type  explosives 
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Composition  B***  1.71  5800  140  230  230  1.00 

50/50  pentolite^l.65  5680  134  214  215  .995 
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Fig.  7  presents  results  for  special  explosive  X  in  5  cm  diameter 
and  Composition  B  in  4.8  cm  diameter  for  which  the  charge  length  was 
varied  from  1  cm  to  6  cm  to  determine  if  a  pressure -buildup  effect 
existed  in  explosives  of  very  short  reaction  zone  lengths  where  one 
would  expect  no  detonation  velocity  transient.  These  charges  were 
all  boostered  with  identical  1/2”  x  1"  pressed  RDX  boosters.  With 
such  short  charges,  however,  difficulty  was  encountered  in  measuring 
the  initial  velocity  of  the  shock  wave  in  water  because  of  a  rapid 
attenuation  in  velocity  of  the  shock  in  the  aquarium.  The  plot  of 
the  results  indicates,  despite  of  the  observed  scatter,  a  small 
pickup  in  detonation  pressure  as  the  charge  length  was  increased. 
Whether  or  not  the  detonation  velocity  increased  slightly  over  this 
region  in  order  to  produce  the  pressure  pickup  could  not  be 
determined . 

Data  for  the  commercial  blasting  agents  are  given  in  Table  VI 
through  the  courtesy  of  the  Intermountain  Research  and  Engineering 
Company,  Salt  Lake  City,  Utah.  These  results  are  given  both  for 
unconfined  charges  and  charges  confined  in  3/8”  thick  or  1/4”  thick 
steel  tubing.  One  will  note  that  the  detonation  velocity  and  pres¬ 
sure  of  the  low  density  AN/fuel  oil  mix  was  very  sensitive  to 
confinement-  In  5”  diameter  unconfined  charges  the  detonation 
velocity  was  only  2770  m/sec  which  corresponded  to  a  D/D*  ratio  of 
only  0.66  while  with  3/8”  steel  confinement  in  the  same  diameter 
the  detonation  velocity  was  3930  m/sec  corresponding  to  a  D/D*  ratio 
of  0.94.  The  DBA  series  of  coarse  TNT  or  Composition  B  ”slurries” 
were  much  less  sensitive  to  confinement  probably  because  their 
detonation  pressure  is  much  higher. 

In  comparing  the  measured  values  for  pressure  in  the  explosive, 
that  is,  pressures  of  the  incident  waves  obtained  by  the 

aquarium  technique,  one  will  note  that  in  every  case  where  the  deto¬ 
nation  wave  propagated  at  ideal  velocity,  p.  was  found  to  agree 
within  experimental  error  with  the  Chapman -Jouguet  pressure  p2>  i.e., 
to  the  detonation  pressure  calculat  ed  from  thermohydrodynamic 
theory.  A  similar  result  was  found  in  the  study  of  Ref.  12.  It 
should  also  be  stressed  that  in  most  of  the  loose  packed  explosives 
the  impedance  match  between  the  explosive  and  water  was  very  good  . 
Therefore,  calculations  of  pressure  in  the  incident  medium  in  terms 
of  pressure  of  the  transmitted  medium,  through  applications  of  the 
shock  impedance  mismatch  equation,  should  be  very  reliable. 

Since  the  pressure  through  a  detonation  wave  is  given  by  the 
relation  p  =  p-^DW  one  would  expect  that  in  non-ideal  detonations 
the  Chapman -Jouguet  pressure, which  is  defined  as  the  pressure  at 
the  surface  in  the  wave  ahead  of  which  chemical  reaction  supports 
propagation  and  behind  which  chemical  reaction  lends  no  support, 
should  be  given  by 

p  =  (D/D*)^p*  (4) 
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Some  very  important  information  regarding  the  pressure  or 
particle  velocity  profiles  of  detonation  waves  are  also  apparent 
from  this  study.  According  to  the  Zeldovich-von  Neumann  concept, 
which  is  based  upon  transport  phenomena  being  negligible  in  a 
detonation  wave,  the  pressure  at  the  detonation  front  should  be 
approximately  twice  the  Chapman -Jouguet  pressure.  Then  as  chemical 
reaction  proceeds  the  pressure  decays  along  the  Rayleigh  line  to 
the  Chapman  Jouguet  value  at  the  end  of  the  reaction  zone.  For 
explosives  of  reaction  zone  length  of  the  order  of  a  few  mm  or  less, 
e.g..  Composition  B,  the  presence  of  the  von  Neumann  spike  would  be 
very  difficult  to  detect.  As  mentioned  earlier  previous  experiments 
to  determine  the  pressure  profiles  through  reaction  zones  by  means 
of  the  aluminum  free  surface  velocity  technique  were  devotai  prlmarlLy  to 
explosives  of  very  short  reaction  zone  length,  i.e.,  Composition  B. 
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This  choice  of  explosive  necessitated  the  use  of  very  thin  plates  for 
which  the  free  surface  velocity  measurements  were  in  question. 

Since  there  is  no  reason  to  believe  that  an  overpressure,  if  present, 
would  exist  in  a  rapidly  reacting  explosive  and  not  in  a  slowly 
reacting  one,  it  would  seem  prudent  to  look  for  evidence  of  a  spike 
in  slowly  reacting  explosives.  The  blasting  agents  listed  in 
Table  VI  represent  a  class  of  explosives  known  to  possess  the  longest 
reaction  zones  of  the  detonating  type  explosives  and,  according  to 
any  published  theory,  possess  reaction  zone  lengths  sufficiently 
great  that  a  spike  could  easily  be  detected  by  the  aquarium  technique, 
but  no  evidence  of  a  spike  was  observed.  The  coarse  TNT  series, 
especially  -4+6  mesh  TNT,  also  have  reaction  zone  lengths  which  are 
ample  for  easy  detection  of  a  spike  by  the  aquarium  technique.  And 
yet  with  -4+6  mesh  TNT  in  25.3  cm  diameter,  where  the  detonation 
velocity  was  in  close  agreement  with  the  ideal  value,  and  the 
impedance  match  was  very  good,  the  pressure  of  the  incident  wave 
corresponding  to  the  initial  velocity  of  the  transmitted  wave  was 
found  to  equal  the  Chapman -Jouguet  value. 

Fig.  8  shows  a  streak  camera  trace  illustrating  the /aquarium 
technique  for  measuring  detonation  pressures  by  transmitted  shock 
waves  in  water.  In  this  case  the  charge  consisted  of  a  slurry 
explosive  detonated  in  a  5'*  I.D.  steel  tube.  Note  the  slow 
attenuation  of  the  velocity  of  the  shock  wave  in  water.  This  is 
typical  of  large  charges  which  permits  an  accurate  measurement  of 
the  initial  velocity  of  the  shock. 

In  conclusion,  therefore,  since  even  with  explosives  possessing 
the  longest  known  reaction  zone  lengths,  the  aquarium  technique 
measured  the  Chapman -Jouguet  value  of  the  detonation  pressure,  it 
appears  that  the  highest  pressure  in  the  detonation  wave  is  the 
Chapman -Jouguet  pressure.  This  conclusion  is  strengthened  by  the 
fact  that  such  results  have  been  obtained  in  those  cases  where  the 
characteristic  impedance  of  the  explosive  very  nearly  equalled  the 
shock  impedance  of  the  water  under  which  condition  computations 
from  the  impedance  mismatch  equation  would  be  expected  to  be  very 
reliable . 
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Fig.  8:  Streak  camera  trace  illustrating  the  aquarium 

technique  for  measurement  of  detonation  pressure 
(explosive,  slurry  in  5”  I.D.  steel  tube). 
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LOW  PRESSURE  POINTS  ON  THE  ISENTROPES 
OF  SEVERAL  HIGH  EXPLOSIVES 


W.  E,  Deal 

University  of  California 
Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 

Basic  Principles 

When  a  plane  detonation  wave  travelling  perpendicular  to  a 
plane  explosive-air  interface  arrives  at  that  interface,  a  shock  is 
driven  forward  into  the  air  by  the  expanding  explosive  reaction 
products  and  a  rarefaction  is  reflected  back  through  these  reaction 
products.  Assuming  the  detonation  wave  to  be  a  shock  followed  by  a 
reaction  zone  of  rapidly  decreasing  pressure  (von  Neumann  spike) 
terminating  at  the  Chapman -Jouguet  (C-J)  plane  which  in  turn  is 
followed  by  the  rarefaction  wave  from  the  rear  of  the  explosive 
(Taylor  wave),  one  might  expect  the  air  shock  velocity  to  exhibit  an 
initial  value  which  decays  rapidly*  followed  by  a  region  of  more 
gradual  decay.  The  state  behind  the  air  shock  after  decay  of  the 
von  Neumann  spike  effect  and  before  appreciable  Taylor  wave  decay 
would  correspond  to  expansion  of  the  explosive  reaction  products 
from  the  C-J  state**.  The  interaction  at  the  interface  between  the 
air  and  reaction  products  after  decay  of  spike  effects  is  shown  in 
the  pressure-particle  velocity  plane  in  Fig.  1.  The  coordinates  of 
the  intersection  between  the  air  shock  Hugoniot  and  the  reaction 
products  isentrope  in  this  plane  are  the  pressure  and  particle  ve¬ 
locity  behind  both  the  forward  moving  air  shock  and  the  backward 


*  If,  however,  the  rarefaction  reflected  into  the  explosive  quenches 
the  reaction,  there  will  be  a  thin  layer  of  unreacted  explosive 
carried  ahead  of  the  reaction  products.  The  interaction  of  this  thin 
layer  of  unreacted  or  partially  reacted  explosive  with  the  reaction 
products  from  the  C-J  state  is  analogous  to  the  problem  of  a  thin 
foil  on  the  free  surface  of  a  moving  thick  plate  of  lower  shock  im¬ 
pedance.  The  thin  layer  equilibrates  rapidly  to  the  velocity  of  the 
thick  pushing  medium. 

**  The  C-^J  state  may  not  be  clearly  defined  for  charges  of  finite 
length  and  diameter  in  which  case  the  state  at  the  terminus  of  the 
reaction  zone  is  intended. 
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moving  rarefaction  wave  into  the  reaction  products  (i*e*,  these  two 
quantities  are  continuous  across  the  interface)*  Determination  of 
the  pressure  and  particle  velocity  for  the  air  shock  thus  gives  a 
point  on  the  reaction  products  isentrope  from  the  C-J  state* 


Fig.  1  -  Interaction  at  Air-Reaction  Products  Interface 

C-J  pressures  are  of  the  order  of  500  kilobars  and  the  air 
shock  pressures  are  of  the  order  of  one  kilobar,  consequently  such 
determinations  allow  checking  of  an  equation  of  state  at  two  widely 
separated  pressures.  For  a  gamma-law  equation  of  state  (i*e*,  p/p 
const.),  the  P-Up  isentrope  from  the  C-J  state  is  given  by  (l): 

>Jp-[F„j/(oip„D)]  -  (P/P^j)T  ,  1 

where  o(  =  (7  -  l)/27>  2 

and  7  =  ‘  ^ 

Insertion  of  known  values  for  explosive  initial  density  pq  and  deto¬ 
nation  velocity  D  as  well  as  pressure  P  and  particle  velocity  Up  from 
air  shock  determinations  yields  gamma  and  C-J  pressure  by  suc¬ 
cessive  iteration.  These  quantities  may  then  be  compared  to  values 
obtained  from  measurements  in  metals  (2).  Error  analysis  of  these 
equations  shows  that  a  1$  error  in  Up  corresponds  to  very  nearly  1^ 
change  in  the  calculated  7  and  3/^  change  in  the  calculated  P^j. 
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Experimental  Technique 

The  explosive  system  for  these  experiments  consisted  of  an 
explosive  plane  wave  lens  of  8- in.  aperture  which  detonated  a  cylin¬ 
der  of  the  explosive  to  be  studied  on  one  end.  The  expansion  of  the 
reaction  products  from  the  opposite  end  of  the  cylinder  after  complete 
detonation  then  acted  as  the  piston  which  drove  the  air  shock.  A 
schematic  of  the  shot  arrangement  is  shown  in  Fig.  2. 


-SLIT  PLATE 

MARKER 

TAPES 


CAMERA  VIEW 


Fig.  2  -  Schematic  of  Shot  Arrangement 

The  velocity  of  this  air  shock  was  determined  using  a 
sweeping  image  camera  to  view  the  Ivunlnous*  shock  through  a  slit 


*  The  use  of  the  self -luminosity  of  the  shock  introduces  uncertain¬ 
ties  in  measurements  of  rapidly  varying  shock  velocity  because  of 
possible  emission  relaxation  times  long  compared  to  the  period  of 
shock  velocity  change;  however,  results  quoted  here  are  for  es¬ 
sentially  steady  state  shocks  as  can  be  seen  from  the  typical  record 
shown  in  Fig.  3. 
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parallel  to  the  direction  of  shock  travel.  An  image  of  the  slit  with 
its  scaling  markers  was  swept  on  the  film  perpendicular  to  its 
length.  The  writing  speed  of  the  camera  was  adjusted  to  yield  a 
trace  angle  of  about  ^5°.  A  typical  good  quality  record  is  shown  in 
Fig.  3.  The  slope  of  the  leading  edge  of  luminosity  along  with 
camera  demagnification  and  writing  speed  yield  a  value  for  the  air 
shock  velocity. 

It  is  possible  to  deduce  particle  velocity  from  the  shot 
record  by  use  of  the  slope  of  the  line  of  extinction  of  luminosity; 
however,  because  of  effects  at  the  explosive  periphery,  this  edge  is 
so  much  more  diffuse  than  the  leading  edge  that  attempts  to  measure 
it  were  abandoned  in  favor  of  calculating  it  using  an  IBM  70^ 
program  (3)  developed  by  Dr.  R.  E.  Duff  of  this  laboratory.^  The 
progrsm  was  used  to  calculate  shock  parameters  for  an  air  mixture 
of  78.11,  20.96  and  0.93  mole  percent  of  N2,  O2,  and  A  respectively. 
Species  Ng,  O2,  A,  NO,  N,  0,  N^,  0^,  A+,  N0+,  N+,  0+,  O',  and 
electrons  were  included  in  the  calculation.  Thermodynamic  functions 
given  by  F.  R.  Gilmore  {k)  were  used.  An  individual  calculation  was 
performed  for  each  shot;  thus  initial  air  temperature  and  pressure 
needed  only  to  be  measured  for  each  experiment,  not  controlled. 

Charges  of  8-in.  diameter  and  8-in.  thickness  made  up  of 
two  U-in.  layers  were  used  in  all  experiments  reported  here.  Three 
shots  each  were  fired  for  charges  of  pressed  TNT,  Composition  B, 

77/23  Cyclotol,  and  Octol.  Charge  densities  were  obtained  for  the 
pieces  fired;  composition  analysis,  composition  spread  and  density 
spread  within  a  charge  were  obtained  by  sectioning  charges  prepared 
in  an  identical  manner.  These  quantities  are  listed  in  Table  I 
along  with  the  other  data. 

Camera  demagnification  was  obtained  for  each  shot  from  a 
photograph  of  the  slit  plate  by  the  shot  camera  with  the  image 
stationary.  A  correction  was  then  applied  to  this  demagnification 
value  because  the  point  of  origin  of  the  light  in  the  shook  front 
was  behind  the  slit  a  small  distance.  Careful  alignment  of  the  axis 
of  the  charge  relative  to  the  optical  axis  of  the  camera  was  neces¬ 
sary  such  that  these  axes  were  perpendicular  at  the  point  in  front 
of  the  charge  where  the  precise  measurement  was  desired.  With  an 
object  distance  of  about  400  inches,  variation  of  the  point  of  light 
emission  across  the  face  of  a  ^-in.  radius  charge  could  cause  as  much 
as  tl$  variation  in  the  demagnification  factor.  In  fact,  the  air 
shock  is  not  perfectly  plane  as  is  seen  in  the  framing  camera 
pictures  of  Fig.  and  except  for  the  very  first  motion  this  error 
could  not  be  greater  than  tO.5^. 

Data  and  Results 


The  coordinates  of  the  leading  edge  of  luminosity  of  the 
camera  record  were  read  with  a  two-axis  comparator  after  first 
aligning  the  time  direction  with  one  axis.  The  slope  of  this  edge 
was  then  determined  by  a  linear  least  squares  fit  to  the  coordinates 
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Table  I  -  Results  of  Twelve  Experiments 


A  -  Pressed  TNT 


Pure  TNT 

Pq  =  1.656  t  *002  gm/cc 

D  =  .6952  cm/|jisec. 

Shot 

No. 

To 

OK 

Po  Us  Up 

bars  cm/\xsec  cm/|isec 

P 

bars 

2172 

2175 

21'jk 

285.7 

295.7 
297.2 

.7959  .7540  .6708 
.8091  .7567  *6924 
.8091  .7*t-17  •6761 

478.4 

505.5 

477.6 

B  -  Grade  A  Composition  B 

62.8  t  0.8^  RDX 

Po  =  1.717  ^  .002  gm/cc 

D  =  .7985  cm/psec 

2167 

2168 
2182 

295.2 
292.7 

501.2 

.7972  .8675  .7966 
,7972  .8699  *7990 
.8100  .8679  *7972 

654.9 

660.0 

648.7 

C  -  77/25  Cyclotol 

77.0  t  0.7^  RDX 

Pq  =  1.752  t  .002  gm/cc 

D  =  .8274  cm/psec 

2186 

2190 

2191 

298.7 

295.7 
294.2 

.8021  .8640  .7955 
.8014  .8765  .8050 
.8015  .8867  .8147 

641.9 
671.0 

685.9 

D  -  Octol 

77.6  t  1,%  HMX 

Pq  =  1.821  t  .002  gm/cc 

D  =  .8494  cm/psec 

2181 

2184 

2185 

299.2 

295.2 

501.2 

.8101  .8862  .8142 
.8099  .8777  .8065 
.8020  .907^  *8559 

681.1 

676.9 

702.4 
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Fig.  h  -  Four  pictures  selected  from  a  framing- camera  sequence  of 
twenty-five.  The  time  interval  between  the  pictures  shown  is  five 
microseconds.  The  detonation  and  shock  waves  are  moving  upward.  The 
first  picture  shows  the  explosive  before  emergence  of  the  detonation 
wave,  the  second  shows  the  air  shock  within  one  microsecond  after 
formation,  and  the  third  and  fourth  pictures  show  the  air  shock  after 
1.7  in.  and  3.4  in.  of  further  travel  respectively. 
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after  first  deleting  data  for  about  the  first  lA-in.  of  motion  where 
some  evidence  of  curvature  was  seen  and  for  distances  greater  than 
the  charge  radius  where  edge  effects  might  affect  the  velocity.  The 
resulting  shock  velocities  (Ug)  are  listed  in  Table  I  for  the  twelve 
shots  (three  shots  for  each  of  four  e^losives)  along  with  initial 
conditions  (T  ,  P  )  and  calculated  particle  velocities  (U  )  and  shock 
pressures  (P)°  T^e  detonation  velocities  given  were  calc&ated  from 
experimental  D-p^  relations  obtained  by  previously  described  methods 
(5).  The  difference  between  the  air  shock  velocities  off  Composition 
B  given  in  Table  I  and  that  quoted  in  Reference  1  is  due  to  the 
failure  to  apply  a  5^  parallax  correction  to  the  Reference  1  gas 
data.  Insertion  of  values  of  P,  U  ,  p^,  and  D  from  Table  I  into 
Equations  1,  2,  and  3  yield  7  and  Pcj  successive  iteration.  The 
values  so  obtained  are  given  in  Table  II  and  compared  with  values, 
corrected  to  the  same  density,  obtained  from  measurements  of  the 
shock  attenuation  in  dural  (2). 

The  rather  distinct  difference  in  the  TNT  7  and  P^,.  obtained 
by  the  two  methods  indicates  that  assumption  of  constant  gama 
equation  of  state  to  approximately  5OO  bars  is  not  justified  for 
TNT.  The  7  and  P^a  from  the  two  methods  for  the  other  three  explo¬ 
sives  agree  rather  well,  however.  It  is  indeed  remarkable  that  the 
assumption  of  constant  gamma  holds  so  well  at  these  widely  separated 
pressures,  at  least  so  far  as  hydrodynamic  variables  are  concerned. 
While  this  agreement  does  not  assure  constancy  of  gamma  in  the  inter¬ 
vening  region,  the  data  of  Reference  1  at  eleven  pressure  points  for 
Composition  B  prejudices  one  to  expect  constancy  of  gamma  in  the 
intervening  region  for  Cyclotol  and  Octol  also. 
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Table  II  -  Calculated  7  and  P  .  Compared  with  Dural  Data 

A  -  Pressed  TNT 


cj 


(kb) 


(kb) 


,  (kb) 


2172 

Shot  No. 

2175 

2174' 

Average 

Ref.  2 

•f,  Differ- 
ence 

2.79^ 

2.704 

2.765 

2.754  +  1.4^ 

5.172 

-13.2 

207.2 

212.2 

208.8 

209.4  ±  1.0^ 

188.4 

+11.1 

B  -  Composition  B 

Shot  No* 

Differ¬ 

2167 

2168 

2182 

Average 

Ref.  2 

ence 

2.711^ 

2.707 

2.714 

2.712  ±  0.1^ 

2.769 

-2.1 

294.7 

295.5 

294.7 

294.9  +  0.1^ 

290.4 

+1.5 

C  -  Cyclotol 

Shot  No. 

Differ- 

2155“ 

2190 

2191 

Average 

Ref.  2 

ence 

2.851 

2.789 

2.755 

2.791  t  1.1^ 

2.798 

-0.3 

513.1 

316.6 

519.6 

316.4  +  0.9% 

315.8 

+0.2 

D  -  Octol 

Shot  No. 

56  Differ- 

2181 

S55 

2185 

Average 

Ref.  2* 

ence 

2.836 

2.864 

2.769 

2.823  t  1.4^ 

2.844 

-0.7 

342.5 

540.0 

348.6 

543.7  t  1.0^ 

341.8 

+0*6 

*  This  explosive  was  not  reported  in  Reference  2 
but  data  were  obtained  in  the  identical  manner 
described  there* 
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INTRODUCTION 


Various  theories  have  “been  advanced  to  explain  qualitatively 
the  complex  phenomena  encountered  in  the  detonation  process.  The  most 
widely  quoted  of  these  theories  is  that  proposed  by  von  Neumann  (l). 

This  theory  makes  the  argument  that  the  initial  shock  at  the  detona¬ 
tion  front  is  a  non-reactive  one  in  which  the  explosive  is  compressed 
to  a  high  pressure -density  point  on  the  Hugoniot  curve  for  the  unre¬ 
acted  explosive.  Then  there  follows  a  period  of  chemical  reaction  in 
which  each  of  the  intermediate  unreacted  explosive -reaction  product 
mixtures  follows  the  Rankine -Hugoniot  assumptions.  Such  a  theory  gives 
rise  to  a  pressure  spike  in  the  detonation  head^  and  this  pressure  in 
the  non-reactive  shock  is  higher  than  the  Chapman-Jouguet  pressure  at 
the  end  of  the  reaction  zone.  While  this  theory  is  broadly  accepted, 
some  investigators  have  failed  to  observe  the  predicted  spike.  Cook  (2), 
for  example,  has  proposed  an  alternate  mechanism,  particularly  for 
gaseous  explosives.-  This  mechanism  suggests  that  the  initial  shock 
compresses  the  explosive  to  a  pressure  equal  to  that  of  the  Chapman- 
Jouguet  point.  Then  the  pressure  across  the  reaction  zone  is  equal 
to  the  Chapman-Jouguet  pressure,  due  to  a  high  thermal  conductivity 
in  the  reaction  zone  itself.  Similar  reasoning  is  then  extended  to 
solid  explosives,  and  data  are  presented  which  seem  to  support  the 
contention  that  there  is  no  spike  in  the  detonation  head. 

Some  of  the  investigators  who  have  detected  the  von  Neumann 
spike  have  found  variations  in  its  shape.  For  example,  Mallory  and 
Jacobs  (3)  detected  a  plateau  in  the  spike  for  TNT  which  they  inter¬ 
preted  as  an  indication  that  the  reaction  proceeded  at  an  appreciable 
rate  only  after  an  inception  period.  This  was  evidence  that  the 
reaction  in  TNT  proceeds  according  to  a  thermal  mechanism.  On  the 
other  hand.  Duff  and  Houston  (4)  observed  a  sharply  peaked  pressure 
profile  for  Composition  B  with  no  evidence  of  a  plateau.  This  was 
■i^Supported  by  U.S.A.E,C.  under  Contract  No.  AT(ll-l) -528  ' 

"^Consultant,  7  Summit  Road,  Lake  Zurich,  Illinois 
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an  indication  that  the  reaction  is  essentially  a  surface  horning  re¬ 
action,  Other  investigators  rnay  find  different  profiles  in  the 
reaction  zone,  depending  on  the  types  of  explosives  studied  and 
the  experimental  techniques  used. 

It  is  readily  seen  that  there  are  differing  views  as  to  which 
model  correctly  predicts  the  behavior  of  the  detonation  process.  All 
of  these  models  are  based  on  purely  speculative  reasoning  which  in 
some  cases  appears  to  be  supported  by  adequate  experimental  evidence. 

But  in  the  past  the  conclusions  which  were  made  on  the  basis  of  evi 
dence  from  these  various  experiments  have  been  contradictory,  and  this 
in  turn  leads  to  the  different  detonation  models.  At  this  point  we 
should  ask  ourselves  why  has  it  no^  been  possible  to  predict  an  adequate 
model  which  is  based  on  fundamental  considerations  and  which  ties 
together  all  facets  of  experimental  data.  One  reason  for  this  is  the 
complete  lack  of  quantitative  equations  of  state  for  unreacted  explo 
sives,  particularly  solid  explosives.  But  in  attempting  to  arrive 
at  a  reasonable  equation  of  state,  the  porosity  of  the  medium  must 
not  be  ignored.  Therefore,  an  experimental  technique  which  enables 
us  to  obtain  data  for  the  derivation  of  an  equation  of  state  for  a 
porous  material,  we  believe,  should  be  extended  to  the  application 
of  determining  equations  of  state  of  unreacted  solid  explosives. 

For  the  past  several  years.  Armour  Research  Foundation  has 
been  engaged  in  a  fundamental  research  program  in  the  field  of  nuclear 
reactor  safety.  This  program  has  resulted  in  the  development  of  an 
experimental  technique  to  observe  the  dynamic  response  of  porous  media 
used  in  the  design  of  blast  shields  for  nuclear  reactors.  Various 
porous  materials  such  as  Flintkote  Insulboard,  pine,  maple,  and  redwood 
have  been  studied  at  high  rates  of  loading  by  means  of  this  technique. 
However,  this  paper  is  concerned  entirely  v/ith  data  on  the  Flintkote. 

A  Hugoniot  curve  has  been  constructed  based  on  the  data  obtained  from 
the  propagation  of  the  shock  wave  in  the  medium.  This  curve,  together 
with  basic  thermodynamic  identities,  has  led  directly  to  the  calculation 
of  the  temperature  rise  across  the  shock  front.  The  combination  of  the 
Hugoniot  curve  and  the  temperature  data  provides  zhe  necessary  infor 
mation  from  which  an  equation  of  state  of  the  Insulboard  material 
may  be  derived.  We  recognize  that  these  data  in  themselves  have  no 
direct  bearing  on  the  behavior  of  explosives.  However,  the  results  we 
have  obtained  are  of  interest  at  a  meeting  of  this  type  because  in 
some  ways  Flintkote  is  similar  to  a  solid  explosive,  especially  with 
respect  to  its  porosity. 
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EXPERIMENTAL  TECHNIQUE 

Shocks  in  porous  media  such  as  Flintkote  and  wood  have  been 
observed  by  means  of  an  experimental  techniq,ue  which  also  allows  us 
to  obtain  the  dynamic  stress -strain  data  of  these  materials  at  very 
high  rates  of  loading.  A  schematic  diagram  of  the  experimental 
arrangement  is  shown  in  Fig.  1.  Essentially,  the  experimental  set-up 
consists  of  a  cylindrical  porous  specimen  on  which  a  reference  grid 
is  painted.  The  specimen  rests  between  a  very  heavy  steel  anvil  and 
a  cylindrical  aluminum  or  steel  plate,  weighing  anywhere  from  one  to 
twelve  pounds,  as  shown  in  Portion  A  of  Fig.  1.  We  have  referred  to 
this  plate  as  the  "driving  plate" .  The  top  of  the  driving  plate 
contains  a  cup  into  which  a  low  density  charge  of  loose  tetryl  is 
loaded.  The  initiation  system  is  supported  six  to  eight  inches  above 
the  tetryl  charge,  and  consists  of  an  electric  blasting  cap  and  a 
tetryl  pellet  which  rests  on  an  aluminum  sheet.  The  aluminum  sheet 
serves  as  a  source  of  fragments  to  insure  a  more  or  less  uniform 
plane  wave  initiation  of  the  tetryl  charge. 

We  will  return  to  Fig.  1  shortly,  but  it  is  of  interest  to 
observe  photographs  of  the  set-up  first.  Figure  2  shows  a  typical 
specimen  and  its  reference  grid.  The  specimen  in  this  instance  is 
l/2  inch  thick  pine.  Figures  3  and  4  are  photographs  which  depict 
the  set-up  in  its  various  stages  of  assembly.  Figure  3  shows  a 
1-inch  thick  specimen  mounted  between  the  anvil  and  the  driving  plate, 
with  the  tetryl  charge  on  top  of  the  driving  plate.  Figure  4  shows 
the  specimen  and  driving  plate  assembly  mounted  in  a  shield  which 
prevents  fragments  and  smoke  from  obscuring  the  reference  grid  on 
the  specimen. 

We  will  now  return  to  Fig.  1.  Here  we  see  a  schematic 
representation  of  the  method  which  we  have  used  to  observe  the  dynamic 
response  of  these  porous  media.  This  consists  of  a  smear  camera, 
which  contains  a  narrow  slit  which  is  cut  in  the  direction  of  dis¬ 
placement  and  which  is  immediately  in  front  of  the  film.  The  image 
of  the  reference  grid  is  focused  on  this  slit,  and  the  film  travels 
in  a  direction  perpendicular  to  the  direction  of  displacement  of  the 
driving  plate.  A  suitable  time  interval  reference  mark  is  photo¬ 
graphed  onto  the  moving  film,  with  the  result  that  we  are  able  to 
obtain  a  displacement- time  record  of  the  dynamic  event.  Figure  5  is 
a  photograph  of  the  entire  experimental  set-up.  The  smear  camera  and 
the  associated  gear  for  the  timing  mark  and  firing  pulse  are  shown  in 
this  photograph.  The  driving  plate  is  also  clearly  visible. 

In  each  experiment  then,  the  sequence  of  events  is  as 
follows:  A  100-foot  roll  of  film  begins  its  travel  through  the 
camera,  and  after  it  has  reached  proper  speed  the  blasting  cap 
receives  the  firing  pulse  automatically  from  the  gear  used  with 
the  camera.  The  detonation  of  the  tetryl  pellet  hurls  a  spray  of 
fragments  from  the  aluminum  sheet  toward  the  loose  tetryl  charge, 
as  shown  in  Portion  B  of  Fig.  1.  The  detonation  of  the  loose  Charge 
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One -half  inch  thick  pine  specimen 
showing  reference  grid 


Fig. 4  -  Assembly 
of  Fig.  3  mounted 
in  fragment  and 
smoke  shield 


Fig.  3  -  Specimen 
moxinted  between 
anvil  and  driving 
■plate 


Fig.  5  -  The  complete  experimental 
set-up  showing  associated  electronic 
gear 
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causes  a  nearly  instantaneous  acceleration  of  the  driving  plate^  and 
the  driving  plate  moves  downward  so  as  to  compress  the  specimen,  as 
shown  in  Portion  C  of  Fig.  1.  The  specimen  in  turn  resists  this 
compression,  so  that  eventually  the  driving  plate  comes  to  rest,  at 
which  time  the  specimen  imparts  an  upward  velocity  to  the  driving 
plate.  Figure  6  shows  a  l/2-inch  pine  specimen,  before  and  after 
compression. 


TyPIGAL  RECORDS  OBTAINABLE 


At  this  point  it  is  of  interest  to  view  some  of  the  typical 
records  which  are  obtained  on  the  film  of  the  smear  camera.  Such  a 
record,  for  Flintkote-Insulboard,  is  shown  in  Fig.  7*  In  this  figure, 
the  bounds  of  the  specimen,  the  lower  bound  of  the  driving  plate,  and 
the  upper  bound  of  the  anvil  have  been  clearly  identified.  The  refer¬ 
ence  grid  on  the  specimen  enables  us  to  observe  the  propagation  of  the 
shock  wave,  as  well  as  multiple  reflections  of  the  shock  wave.  The 
driving  plate  reference  lines  are  also  apparent,  and  these  are  used  to 
obtain  a  dynamic  stress-strain  curve  for  the  material. 


Figure  8  shows  a  typical  smear  record  obtained  for  a  pine 
specimen  in  which  the  grain  was  oriented  for  application  of  force 
radial  to  growth  rings.  Here,  the  shock  wave  travels  at  a  much  higher 
velocity  than  that  through  the  Flintkote,  and  the  multiple  reflections 
are  not  apparent. 

HUGONIOT  CURVE  AHD  EQUATION  OF  STATE 

The  data  which  can  be  obtained  from  these  smear  camera  records 
which  we  have  Just  considered  enables  us  to  construct  a  Hugoniot  curve 
for  the  material,  and  from  this  it  is  possible  to  calculate  the  tem¬ 
perature  rise  across  the  shock  front.  This  has  been  done  for  Flint- 
kote-Insulboard,  and  the  procedure  which  we  have  used  will  now  be 
discussed. 


The  construction  of  the  Hugoniot  curve,  first  of  all,  is 
accomplished  through  the  use  of  the  well-known  equations  for  conserva¬ 
tion  of  mass  and  momentum  across  a  shock  front.  These  equations  are, 
respectively: 

=  ^(D-u)  (1) 


P  =  PDu  +  P 

O 


(2) 


Where : 


e. 

is 

the 

e 

is 

the 

D 

is 

the 

u 

is 

the 

p 

o 

is 

the 

p 

is 

the 

density  of  the  medium  ahead  of  the  shock  front 
density  of  the  medium  behind  the  shock  front 
velocity  of  the  shock 

particle  velocity  behind  the  shock  front 
pressure  ahead  of  the  shock  front 

pressure  behind  the  shock  front 
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These  equations  are  in  a  form  which  assumes  that  the  particle  velocity 
ahead  of  the  shock  front  is  zero.  In  terms  of  specific  volumes^ 
Equation  (l)  becomes 


__  D-u 

V  ■  D 
o 


(3) 


Where : 


is  the  specific  volume  of  the  media  ahead  of  the 
shock  front 


V 


is  the  specific  volume  of  the  media  behind  the 
shock  front 


From  each  record,  the  shock  velocity  of  the  compression  wave 
and  the  particle  velocity  behind  the  shock  front  can  be  calculated 
directly  from  the  time -displacement  slopes  of  the  reference  grid. 

These  velocities  then  lead  directly  to  the  calculation  of  the  relative 
volume  V/Vq  from  Equation  (3).  If  it  is  assumed  that  the  initial 
pressure  is  atmospheric,  the  pressure  P  can  be  calculated  from 
Equation  (2)  with  the  knowledge  that  ,  the  density  of  the  medium 
ahead  of  the  shock  front,  is  also  the  density  of  the  sample  before 
being  subjected  to  compression.  This  procedure  has  been  employed 
for  a  whole  series  of  records  of  experiments  on  Flintkote-Insulboard, 
and  the  resulting  data  points  which  determine  the  Hugoniot  curves 
for  the  first  shock  are  summarized  in  Tables  I  and  II.  On  most  records, 
the  velocity  of  the  shock  wave  appeared  to  be  constant,  but  there  seemed 
to  be  a  rather  random  variation  in  the  particle  velocities  as  zhe  shock 
wave  propagated  through  the  medium.  We  were  unable  to  explain  this. 
Consequently,  the  particle  velocities  as  calculated  are  reported  in  the 
tables.  This  causes  a  corresponding  variation  in  the  pressure  and 
relative  volume. 

The  pressure-relative  volume  points  in  Tables  I  and  II  form 
the  basis  for  the  Hugoniot  curve  which  is  shown  in  Fig.  9.  Each  dotted 
line  corresponds  to  one  set  of  experimental  points  from  one  of  these 
tables.  As  stated  above,  the  unexplained  variation  in  the  particle 
velocity,  together  with  the  assumption  of  constant  shock  velocity, 
causes  a  corresponding  variation  in  the  calculated  pressure  and  relative 
volume  across  the  shock  front,  and  this  is  reflected  in  the  figure. 

For  purposes  of  comparison,  the  curve  for  static  compression  of  the 
medium  is  shown  in  Fig,  9  along  with  the  Hugoniots.  The  static  curve 
was  calculated  from  load -deformation  data  which  were  obtained  on  a 
standard  compression  test  machine. 
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TABLE  I 

Hugoniot  Data  for  First  Shock  in  Flintkote  Insulboard, 


Thick  Specimens 


Shot 

Number 

Original 

Density, 

Ib/in^ 

Shock 

Velocity, 

ft/sec 

Particle 

Velocity, 

ft/sec 

Pressure, 

psi 

Relative 

Volume, 

V 

^0 

52 

0.0103 

590 

253 

586 

0.571 

249 

577 

0.578 

240 

556 

0.593 

240 

556 

0.593 

241 

559 

0.592 

24i 

559 

0.592 

240 

556 

0.593 

240 

556 

0.593 

241 

559 

0.592 

232 

539 

0.606 

230 

534 

0.610 

228 

529 

0.613 

228 

529 

0.613 

234 

543 

0.602 

234 

543 

0.602 

226 

525 

0.617 

230 

534 

0.610 

53 

0.0105 

565 

184 

421 

0.674 

182 

4l6 

0.678 

184 

421 

0.674 

187 

427 

0.669 

186 

425 

0.671 

183 

419 

0.676 

180 

412 

0.681 

164 

377 

0.710 

16? 

383 

0.704 

164 

383 

0.710 

167 

377 

0.704 

167 

377 

0.704 

168 

385 

0.703 

162 

372 

0.713 

170 

390 

0.699 

161 

370 

0.715 

174 

399 

0.692 
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Shot 

Number 

Original 

Density, 

Ib  /±r? 

Shock 

Velocity, 

ft/sec 

Particle 

Velocity, 

ft/sec 

Pressure; 

psi 

,  Relati 
Volume 

V 

V 

0 

57 

0.0102 

467 

53 

107 

0.885 

48 

99 

0.897 

45 

94 

0.903 

44 

92 

0.905 

45 

94 

0.903 

43 

91 

0.907 

46 

96 

0.900 

46 

96 

0.900 

47 

97 

0.898 

44 

92 

0.905 

44 

92 

0.905 

42 

88 

0.909 

43 

90 

0.907 

49 

101 

0.894 

44 

92 

0.905 

132 

0.0115 

534 

181 

428 

0.662 

169 

401 

0.684 

166 

39^ 

0.690 

162 

384 

0.698 

170 

402 

0.684 

172 

406 

0.679 

168 

398 

0.686 

135 

0.0113 

542 

126 

301 

0.786 

121 

291 

0.777 

116 

278 

0.787 

115 

277 

0.788 

117 

282 

0.784 

117 

282 

0.784 

117 

282 

0.784 

ll4 

274 

0.791 

137 

328 

0.747 
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Shot 

Number 

Original 

Density, 

Ib/in^ 

TABLE  I 

Shock 

Velocity, 

ft/sec 

(Cont’d) 

Particle 

Velocity, 

ft/sec 

Pressure, 

psi 

Relative 

Volume 

V 

Vo 

136 

0.0113 

506 

156 

347 

0.692 

157 

349 

0.690 

160 

355 

0.684 

162 

360 

0.679 

160 

355 

0.684 

158 

351 

0.688 

157 

349 

0.690 

156 

346 

0.692 

156 

346 

0.692 

160 

355 

0.684 

159 

353 

0.686 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

137 

0.0113 

519 

75 

177 

0.856 

68 

162 

0.869 

68 

162 

0.869 

69 

164 

0.867 

69 

164 

0.867 

70 

165 

0.866 

67 

161 

0.870 

64 

152 

0.878 

52 

126 

0.901 

139 

0.0116 

528 

137 

326 

0.738 

136 

325 

0.738 

135 

323 

0.744 

133 

317 

0.749 

132 

315 

0.750 

131 

314 

0.754 

132 

315 

0.750 

132 

315 

0.750 

133 

317 

0.749 
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TABLE  I  (Cont'd) 


Original 

Density, 

lb  /in^ 


Shock 

Velocity, 

ft/sec 


Particle 

Velocity, 

ft/sec 


Pressure, 

psi 


l4o  0.0113  5^1  136  323 

130  310 

127  303 

124  297 

124  297 

124  297 

124  297 

124  297 

124  297 


l43  0.0114  443  65  136 

62  130 

65  136 

66  138 

65  136 

66  138 

65  136 

61  127 

65  136 

55  117 

57  122 

53  113 

55  117 

67  140 

67  140 

65  136 

65  136 


Relative 

Volume, 

V 

Vo 


0.750 

0.760 

0.766 

0.771 

0.771 

0.771 

0.771 

0.771 

0.771 


0.855 

0.858 

0.855 

0.849 

0.855 

0.849 

0.855 

0.861 

0.855 

0.875 

0.868 

0.879 

0.875 

0.847 

0.847 

0.855 

0.855 


408 


Austing,  Napadensky,  Stresau,  Savitt 


TABLE  II 


Hugoniot  Data  for  First  Shock  in  Flintkote  Insulhoard 


1/2'*  Thick  Specimens 


Shot 

Number 

Original 

Density, 

Ib/in^ 

Shock 

Velocity, 

ft/sec 

Particle 

Velocity, 

ft /sec 

PressurCj 

psi 

>  Relative 
Volume, 

V 

Vq 

54 

0.0100 

540 

167 

351 

0.690 

175 

367 

0.676 

169 

355 

0.685 

177 

372 

0.671 

161 

339 

0.704 

162 

3^1 

0.699 

155 

327 

0.714 

160 

337 

0.704 

160 

337 

0.704 

58 

0.0103 

692 

220 

600 

0.681 

214 

584 

0.690 

199 

544 

0.712 

187 

51?. 

0.729 

181 

496 

0.738 

59 

0.0106 

620 

53 

143 

0.915 

52 

142 

0.916 

49 

135 

0.920 

48 

133 

0.921 

60 

162 

0.902 

62 

0.0104 

645 

25 

94 

0.970 

24 

91 

0.983 

27 

102 

0.968 

27 

102 

0.968 

133 

0,0112 

564 

162 

395 

0.713 

154 

376 

0.726 

152 

372 

0.730 

153 

373 

0.728 

148 

360 

0.737 
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Shot 

Number 


lk2 


TABLE  II  (Cont'd) 


Origixial  Shock 
Density,  Velocity, 

Ib/in^  ft/sec 


Particle  Pressure, 
Velocity, 

ft/sec  psi 


0.0112  528  122  284 

118  275 
118  275 
122  284 

135  312 
132  305 
135  312 
132  305 
131  303 


Relative 

Volume, 

V 


0.769 

0.775 

0.775 

0.769 

0.746 

0.751 

0.746 

0.751 

0.752 
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Several  considerations  were  involved  in  attempting  to  fit  an 
equation  through  the  experimental  Hugoniot  points j  (l)  Since  a  Hugoniot 
curve  is  a  locus  of  end  points  on  a  shock  compression,  the  curve  must 
pass  through  the  initial  point  (V/Vq  =  1,  P  =  14  psi)  and  a  point  which 
represents  a  reasonable  average  of  the  Hugoniot  points;  (2)  the  equa¬ 
tion  should  have  an  asymptote  at  some  finite  relative  volume  between 
zero  and  one,  since  a  porous  material  will  approach  a  limiting  density 
as  the  compressive  stress  increases  to  very  high  values;  and  (3)  the 
equation  should  be  as  simple  as  possible.  The  static  stress-strain 
data  for  Flintkote-Ihsulboard  (the  same  data  which  are  represented  in 
Fig.  9)  at  very  high  stresses  were  used  to  calculate  the  relative 
volume  asymptote,  with  the  result  that 

Lim  ^  =  0.135 

p— ♦‘co'^o 

This  is  shown  as  a  vertical  dotted  line  in  Fig.  9-  To  determine  what 
mathematical  function  would  best  describe  the  experimental  points,  we 
attempted  to  rectify  the  data.  In  so  doing  we  discovered  that  two 
types  of  plots  yielded  essentially  straight  lines.  These  included  the 
plots  of  pressure  P  versus  l/(V/Vo  -  0.135)  and  log  P  versus 
log(V/Vo  -  0.135).  Since  the  former  of  these  plots  was  simpler  and 
would  yield  a  function  with  a  relative  volume  asymptote,  the  equation 
of  the  Hugoniot  was  assumed  to  fit  a  hyperbola  of  the  form 

(P  +  a)  (^  -  0.135)  =  k 

Determination  of  the  constants  a  and  k  showed  that  this  equation  is 
as  follows: 

P  =  - 72h  (^) 

-  0.135 

’o 

Equation  (4)  has  been  plotted  in  Fig.  9* 

The  method  for  the  calculation  of  the  temperature  rise  across 
the  shock  front  was  suggested  to  us  in  a  published  article  by  Walsh 
and  Christian  (5).  We  have  used  this  method,  but  have  derived  the 
working  equations  in  a  slightly  different  manner.  Our  derivation 
begins  by  assuming  that  energy  is  a  function  of  temperature  and  volume, 

that  is 

E  =  E(T,  V) 


*The  thermodynamic  identities  used  in  this  derivation  can  be  verified 
in  any  good  thermodynamics  text.  For  example,  reference  (6)  is 
suggested. 
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from  which 


where  is  the  heat  capacity  at  constant  volume.  From  the  first  law 
of  thermodynamics, 

dE  =  TdS  -  PdV  (6) 

Differentiating  eqxiation  (6)  with  respect  to  volume  at  constant 
temperature,  we  have 


(njr 

However,  the  thermodynamic  identity 

»),  ■  ® , 

may  be  substituted  into  equation  (7)  with  the  result  that 


(7) 


-  p 


Substitution  of  equation  (8)  into  equation  (5)  results  in 


dE  =  C^dT  + 


\dTj 


dV 


from  which 


^  -  c  (^)  +  T 
dV  “  dV 


m 


-  p 


(8) 


(9) 


The  Hugoniot  equation  for  conservation  of  energy  across  a  shock  front 


is 
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Differentiating  this  equation,  we  obtain 


__i(p  +  p)  +  i(y_  y)(^) 
dV  2  ^  2  ^  o  -''dV^ 


(10) 

Hugoniot 


Substitution  of  equation  (lO)  into  equation  (9)  results  in  the 
following  differential  equation; 

T/v  -v\/._\  P-P~l 


Hugoniot 


P-P  . 
~2^ 


Equation  (4),  the  empirical  Hugoniot  equation,  may  be  differentiated 
with  respect  to  volume  as  follows: 


(f-) 


Vr  - 


Equations  (4)  and  (12)  may  be  substituted  into  equation  (ll).  If  P 
is  assumed  to  be  equal  to  l4  psi,  equation  (ll)  reduces  to  the  ° 

following; 

(H)  r  (/-i) 

H  +  -C^  319  ^ 

V  (^  -0.135) 

0 


-  0.135) 

0 


369  (13) 


Equation  (13)  is  a  linear  differential  equation  in  which  C  is 
assumed  to  be  constant,  and  in  which  (c^  F/^T)^  and 

(L.  -  1) 

319 


(-7^  -  0.135)' 

o 


-  0.135) 

O 
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are  functions  of  volume  alone.  For  purposes  of  simplification,  let 

I  .  (IM 

1) 


f{^)  = 

\  -  0.135) 


-  0.135)' 

o 


-  369  (15) 


so  that  equation  (13)  simplifies  to 


+  V  b  T 

d(^) 

o 


^  f(^) 


where  the  differential  dCv/V^)  has  been  introduced  to  put  equation 
(16)  into  a  from  which  is  consistent  with  equation  (15)*  To  solve 
equation  (I6),  it  is  necessary  to  introduce  the  integrating  factor 


fo » 


such  that 


o 


+  V  tT  e 

d(-f)  °  ^ 

o 


v(^> 

O 


V  ,7  o 

W  0 


Integration  of  equation  (1?)  results  in 

V  ,, 

T  e  “  .  c  .  ^  f(^)  e  d(^) 

V  /  o  O 
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The  integration  constant  c  can  be  evaluated  from  the  following 
boundary  conditions, 


Eq.ua ti on  (I9)  is  the  working  equation  which  enables  the  calculation 
of  the  temperature  rise  across  the  shock  front. 

The  integration  of  the  function 


o 


V  t»(|- 
o 

e  G 


<i(f) 

o 


in  equation  (19)  was  performed  graphically.  The  value  of  the  specific 
volume  Vq  was  obtained  from  the  average  of  the  experimentally  deter¬ 
mined  values  from  each  experiment.  The  value  of  the  heat  capacity 
was  estimated  to  be  0.2 5  cal/gm  ®C.  The  exponent  b  contains  the 
partial  derivative  (dp/^dT)^  which  can  be  evaluated  from  the 
thermodynamic  identity 


o 

riT- 


Here,  ^d(v/V^)/dT)  p  is  the  thermal  coefficient  of  volume  expan¬ 
sion  (estimated  to  be  0.0000l/®C),  and  (9  p/9  can  be 

obtained  from  the  static  curve  in  Fig.  9*  The  exponents  in  equation 
(19)  were  of  such  small  magnitude  that 
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e  °  -a*  1 


v<l;> 


80  that  to  a  very  good  approximation 


0 


o 


Thus,  the  graphical  evaluation  of  equation  (20)  leads  directly  to  the 
determination  of  the  temperature  increase.  The  results  of  this  cal¬ 
culation  as  a  function  of  relative  volume  are  as  follows,  assuming 
that  the  specific  heat  of  the  medium  remains  constant: 


Relative  Volume  ,  V/V 


Temperature  Rise, 


These  data  are  plotted  in  Fig.  10,  and  show  an  almost  insignificant 
temperature  rise  even  in  the  region  of  our  strongest  shock  at  about 

v/v^  =  0.65. 

o 

DISCUSSION 

The  experimental  technifiue  which  was  described  earlier  in 
this  paper  has  made  it  possible  to  calculate  data  which  may  be  used 
to  derive  an  equation  of  state  for  a  porous  material.  The  Hugoniot 
can  be  calculated  directly  from  one  record.  This  has  been  done  for 
FlintkOte-Insulboard,  with  the  result  that  the  strongest  Hugoniot 
compressions  have  been  to  pressures  of  about  550  psi  and  relative 
volumes  of  about  O.65.  The  temperature  rise  associated  ^th  a  shock 
wave  of  this  strength  is  in  the  neighborhood  of  0.3  C.  This  data 
appears  to  be  consistent  in  general  with  that  reported  by  Walsh  an 
cSdstian  (5),  who  report  a  rise  of  15“C,  for  example,  at  a  shock 
pressure  of  15  kilobars  in  aluminum. 
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Relative  Volume,  V/Vq 

Fig.  10  -  Graph  of  the  temperature  rise  due  to  Hugoniot  compression  in  Flintkote  insulboard 
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We  feel  that  this  experimental  technique  can  be  used  to 
obtain  similax  data  for  the  construction  of  an  equation  of  state 
for  non-reacting  explosives.  Wapadensky,  Stresau,  arid  Savitt  (7) 
have  obtained  smear  camera  records  of  the  propagation  of  nqn-reactive 
shocks  in  explosives.  These  records  are  similar  to  those  shown  in 
Pig.  7  and  8,  but  the  velocity  of  the  shock  wave  is  too  great  for 
accurate  analysis.  This  problem  will  be  solved  by  the  use  of  smear 
cameras  which  write  at  higher  speeds . 
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Experimental  Technique 

A  sensitivity  test  has  been  devised  wherein  cylindrical 
specimens  of  explosives  of  the  order  of  a  pound  in  weight  are 
squeezed  between  an  explosive  driven  plate  and  a  massive  anvil. 

The  experimental  technique  is  illustrated  in  Fig.  1.  Essentially, 
the  metal  plate  is  acce],erated  by  means  of  the  plane  wave  initiation 
of  a  low  density  charge  of  high  explosive  in  such  a  manner  as  to 
ccanpress  the  explosive  test  specimen.  The  motions  of  the  plate  and 
the  lines  of  a  reference  grid  which  is  stencilled  on  the  specimen 
are  observed  either  by  means  of  a  Fastex  Streak  Camera  which  records 
time -displacement  histories,  or  by  means  of  the  Beckman  and  Whitley 
Model  189  Framing  Carmera  which  records  the  behavior  of  the  whole 
surface  of  the  sample  under  impact. 

A  typical  streak  camera  record  is  shown  in  Fig.  2.  The 
acceleration  of  the  plate  is  so  nearly  instantaneous  that  the  acceler¬ 
ation  time  is  barely  resolved  by  the  streak  camera.  The  subsequent 
negative  acceleration  by  the  action  of  the  specimen,  which  shows  as  a 
quite  measurable  curvature  of  the  streak  camera  record,  is  a  measure 
of  the  pressure  exerted  upon  the  driving  plate  by  the  specimen  and, 
hence,  of  the  stress  within  the  specimen.  For  each  point  on  the  curve 
it  is  then  possible  to  measure  the  displacement  which  is  proportional 
to  the  strain  of  the  specimen;  the  first  time  derivative  (or  slope) 
which  is  proportional  to  the  rate  of  strain;  and  the  second  time  -deri¬ 
vative  (or  curvature)  which  is  proportional  to  the  stress  in  the 
material.  Dynamic  stress-strain  data  are  thus  obtainable.  The  propa¬ 
gation  of  compression  waves  through  the  sample  is  visible  as -the 
progressive  displacement  of  the  reference  lines  stencilled  on  the 
specimen.  Thus,  both  the  non-reactive  shock  wave  propagation  velocity 
and  the  particle  velocities  can  be  measured  almost  point-to-point 

*  Supported  by  .AFSWC  under  Contract  No.  AF29-(60l)-2133 
**Consultant,  ^  Summit  Road,  Lake  Zurich,  Illinois 
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over  the  area  of  a  record  such  as  Fig.  2.  Continuity  and  momentum 
conservation  conditions  may  he  applied  to  reduce  these  data  to 
shock  pressure-density  relationships  for  the  explosive. 

An  example  of  a  Beckman  &  Whitley  Framing  Camera  record  of 
the  dynamic  compression  of  an  unconfined  cast  Comp  B  specimen  is 
seen  in  Fig.  3.  (The  event  is  front  lighted  hy  means  of  an  Argon 
Flash  Bomh) .  The  deformation  of  the  specimen  is  clearly  seen.  The 
over-all  geometrical  change  in  the  specimen  is  noticeable  as  a  gradual 
"mushrooming"  of  the  cylinder  with  time.  Stripes  were  drawn  on  the 
explosive  every  l/4  of  an  inch.  The  changes  in  distance  between 
stripes,  as  one  proceeds  from  frame  to  frame,  can  be  used  as  a  measure 
of  local  changes  in  density  with  time.  One  can  observe  the  non-react- 
ive  shock  wave  as  it  travels  through  the  specimen.  This  is  noticeable 
on  the  prints  as  a  progressive  brightening  of  the  surface  of  the 
sample.  From  Fig.  3,  the  non-reactive  shock  velocity  and  pressure 
within  the  specimen  are  readily  calculated. 

Typical  Records  and  Interpretation 

With  an  experimental  technique  as  the  one  described  above, 
it  is  possible  to  observe  the  behavior  of  the  explosive  over  a  wide 
range  of  impulsive  loading  conditions,  by  varying  the  mass  of  the 
driving  plate,  the  quantity  of  driving  charge  used,  and  the  size  of 
the  explosive  test  specimen.  At  one  extreme  the  shock  transmitted 
through  the  driving  plate  is  of  sufficient  intensity  to  initiate 
detonation  before  or  at  the  instant  it  reaches  the  face  of  the  anvil. 
Examples  of  this  are  seen  in  Figs,  h,  5,  and  6.  Figure  4  shows 
selected  frames,  taken  4  microseconds  apart,  of  the  compression  and 
initiation  of  an  unconfined  cylinder  of  Comp  B,  3  inches  in  diameter 
by  3  inches  high,  weighing  570  grams.  The  force  was  applied  by  means 
of  a  steel  plate  weighing  l4l8  grams  which  impacted  the  explosive 
specimen  at  approximately  600  ft/sec.  The  time  between  impact  and 
initiation  was  about  26  microseconds.  A  high-order  detonation  of  the 
explosive  appears  to  have  started  at  the  bottom  of  the  specimen  as 
evidenced  by  the  bright  spot  at  the  bottom  of  frame  6,  indicating  the 
inception  of  the  reaction  at  the  explosive -anvil  interface.  The 
Shane  of  the  detonation  profile  as  seen  in  frames  J  and  8  also  shows 
that  the  detonation  starts  at  the  bottom  of  the  explosive  and  moves 
upward  into  the  previously  shocked  specimen.  Figure  5,  showing 
selected  frames  1.05  microseconds  apart,  is  another  example  of  deton¬ 
ation  occurring  at  the  instant  the  shock  wave  reaches  the  anvil.  In 
this  case  the  center  of  reaction  appears  to  begin  in  the  lower  left- 
hand  comer  of  frame  4,  12.5  microseconds  after  impact,  and  progresses 
back  upward  into  the  specimen.  The  explosive  sample  was  94o4  IBX, 

2.5  inches  in  diameter  by  2.34  inches  high.  Figure  6  shows  the  impact 
and  the  initiation  of  a  cylinder  of  94o4  EBX,  2.5  inches  in  diameter 
by  2.34  inches  hi^.  The  time  between  the  frames  is  I.05  microseconds. 
In  this  case  the  shock  intensity  was  of  sufficient  strength  to  initiate 
detonation  before  it  reached  the  face  of  the  anvil.  The  detonation 
is  first  observed  in  frame  7  appears  to  have  started  at  about 


421 


time  from  impact  to  initiation  -  200  microseconds 


Napadensky,  Stresau,  Savitt 


Fig,  3  -  Framing  camera  sequence  showing  deformation  under 
impact  of  a  cast  Comp  B  cylinder,  arrov/s  indicate  shock  front, 
4  microseconds  between  frames,  (Bright  light  to  the  left  of 
frames  16-21  is  that  of  explosive  light  source  appearing  in  the 
field  of  view.) 
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Fig.  4  -  Framing  camera  sequence  showing  impact  initiation  of 
an  unconfined  Comp  B  cylinder  3  inches  diameter  by  3  inches 
high,  4  microseconds  between  frames. 
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Fig.  6  -  Framing  camera  sequence  showing  forward  and 
reverse  propagation  of  a  detonation  in  9404  PBX,  1  micro¬ 
second  between  frames. 
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1.6  inches  from  the  top  of  the  sample.  The  reaction  occurs  10. 5  micp:o- 
seconds  after  impact,  and  propagates  hoth  in  the  forward  and  reverse 
direction.  In  these  cases  the  initiation  mechanism  is  probably 
similar  to  that  of  earlier  experiments  of  Cachia  and  Whitbread  (l), 
Eichelberger  and  Sultanoff  (2);  Cook,  Pack  and  Gey  (3);  Marlow  and 
Skidmore  (4);  and  Savitt  (5)-  They  have  observed  that  the  depth  in 
the  explosive  at  which  initiation  occurs  depends  upon  the  pressure 
of  the  incident  shock,  the  lower  the  pressure  the  deeper  the  point  of 
initiation.  This  has  been  explained  by  Cosner  and  Sewell  (6)  by  the 
fact  that  if  the  shock  wave  entering  the  charge  is  above  a  minimum 
intensity  it  will  be  supplemented  by  a  chemical  reaction;  the  pressure 
build-up  from  the  reaction  is  dependent  on  the  shock  intensity.  There¬ 
fore,  when  the  initial  shock  intensity  is  high,  the  pressure  build-up 
from  chemical  reaction  is  fast,  and  so  initiation  takes  place  near  the 
explosive -metal  interface.  When  the  initial  shock  intensity  is  lower, 
the  pressure  build-up  from  the  chemical  reaction  is  slower,  and 
initiation  takes  place  farther  from  the  explosive -metal  interface. 

An  alternate  explanation  may  be  based  on  the  generality  that  reaction 
rates  in  explosives  are  so  highly  dependent  upon  temperature,  that 
for  a  rate  of  any  given  order  of  magnitude,  it  is  described  with  fair 
accuracy  in  terms  of  a  threshold  or  ignition  temperature,  combined 
with  applications  of  the  general  principles  of  the  behavior  of  non¬ 
reactive  compressive  waves.  A  shock  traversing  a  barrier  or  gap,  is 
generally  modified,  particularly  in  its  pressure-time  profile,  by 
impedance  discontinuities  and  the  reverberations  of  the  gap  or  medium. 
The  important  contrast  of  the  emergent  wave  to  the  incident  wave  is 
the  lack  of  the  nearly  discontinuous  increase  in  peak  pressure  which 
is  characteristic  of  a  stable  shock.  As  the  emergent  wave  propagates 
through  the  acceptor  explosive,  the  higher  pressure  components  of  the 
wave  tend  to  overtake  the  front  so  that  the  discontinuous  pressure 
rise  at  the  front  increases  in  magnitude.  Since  the  temperature 
increase  associated  with  a  single  Hugbniot  compression  to  a  given 
pressure  is  appreciably  greater  than  that  associated  with  either 
adiabatic  ccaapression  or  a  series  of  Hugoniot  compressions  to  the 
same  maximum  pressure,  the  threshold  temperature  for  a  reaction  rate 
of  the  order  of  magnitude  of  that  associated  with  detonation  is 
attained  when  the  discontinuous  rise  at  the  front  acquires  sufficient 
magnitude.  It  is  probable  that,  in  some  cases,  this  mechanism  is 
combined  with  that  suggested  by  Jacobs  (7)  in  which  the  overtaking 
wavelets  are  evolved  as  a  result  of  incipient  reaction  of  the  explo¬ 
sive,'  due  to  the  passage  of  the  essentially  nonreactive  shock. 

At  the  threshold  of  initiation,  however,  the  time  between 
initial  movement  of  the  plate  and  the  evidence  of  explosion  is  long 
enough  for  many  reverberations  of  the  shock  between  the  driving  plate 
and  the  anvil.  The  streak  camera  record  shown  in  Fig.  2  is  an  example 
of  an  observation  of  this  type.  It  shows  the  impact  and  subsequent 
initiation  of  a  Comp  B  specimen,  3  inches  in  diameter  by  r/2  inches 
in  height,  weighing  90  grams.  It  was  impacted  by  a  steel  plate 
weighing  1475  grams,  at  a  velocity  of  206  ft/sec.  The  time  from 
initial  impact  to  initiation  was  about  200  microseconds.  Here  the 
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mechanism  of  initiation  is  probably  similar  to  that  proposed  by 
Wenograd  (8),  whose  comparison  of  impact  experiments  with  reaction 
kinetic  data  suggests  that  an  impact  explosion  of  high  explosives  is 
a  phenomenon  intermediate  between  a  low  temperature  thermal  decomposi¬ 
tion  and  a  detonation.  It  might  be  noted  that  the  time  to  reaction 
observed  here  is  of  the  order  of  that  assumed  by  Wenograd  for  the 
duration  of  impact. 

A  third  mechanism  is  implied  by  observations,  in  some  in¬ 
stances,  where  the  explosion  originates  in  explosive  dust  external  to 
the  original  charge  dimensions.  The  streak  camera  record  of  Fig.  T 
is  one  of  many  observations  of  this  behavior.  It  illustrates  the 
response  to  impact  of  a  Comp  B  specimen,  3  inches  in  diameter  by 
1  inch  high,  weighing  l8l  grams.  It  was  impacted  by  an  aluminum  plate 
weighing  50^  grams,  at  a  velocity  of  about  600  ft/sec.  In  this  example 
wide  stripes  were  painted  on  the  specimen.  The  broad  bright  vertical 
bands  seen  on  the  left  of  Fig.  7  is  light  from  the  reacting  explosive. 
In  this  case  the  time  from  impact  to  reaction  is  about  28o  microseconds. 

Where  no  explosion  results,  data  are  obtained  regarding  the 
shock  pressure -density  relationships  for  the  unreacted  explosive  as 
well  as  the  inter-relationship  of  stress,  strain,  and  strain-rate  in 
the  impulsively  loaded  explosive  specimen.  Some  of  the  data  obtained 
thus  far  are  plotted  in  Fig.  8,  stress  vs  strain,  and  Fig.  9,  strain 
vs  strain-rate  for  Comp  B . 

Conclusion 


The  importance  of  nonuniformity  of  energy  distribution  in 
initiation  is  clearly  illustrated  in  these  experiments.  The  change 
in  internal  energy  density  as  calculated  from  shock  hydrodynamics 
or  from  changes  in  kinetic  enprgy  of  the  driving  plate  is  never 
sufficient  to  raise  the  average  temperature  to  a  point  where  rapid 
reaction  should  be  expected .  An  example  of  this  can  be  shown  by 
referring  to  the  experiment  whose  framing  camera  record  is  illustrated 
in  Fig.  4.  One  can  observe  the  non -reactive  shock  wave  as  it  travels 
through  the  specimen.  This  is  noticeable  as  the  progressive  brighten¬ 
ing  of  the  surface  of  the  explosive.  From  this  observation,  a  shock 
velocity  of  about  10,000  ft/sec  is  calculated.  A  particle  velocity 
of  600  ft/sec  is  obtained  from  streak  camera  observations.  From  the 
conservation  equations  for  a  shock  wave  one  readily  calculates;  a 
pressure  of  9  kilobars,  and  a  density  of  1.7  grams/cm^,  which  results 
in  an  energy  increase  of  4.07  cal/gram  for  the  shocked  explosive. 

The  maximum  possible  temperature  rise  due  to  the  internal  energy 
increase  calculated  (assuming  a  specific  heat  of  0.24  cal/gra  for 
Comp  B)  is  only  17°C.  However,  if  one  calculates  the  temperature 
rise  due  to  the  adiabatic  compression  of  a  trapped  gas  bubble,  by 
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Fig,  7  -  Streak  camera  record  of  dynamic  response  to  impact  of  Comp  B,  time  from 

impact  to  initiation  -  280  microseconds,, 
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Fig,  8  -  Stress  vs  strain  curves  for  Comp  B 
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Fig.  9  -  Strain  rate  vs  strain  curves  for  Comp  B 
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the  relationship  T/T  =  (P/Pq)^  ,  a  temperature  rise  of  about  3500°C 

is  obtained.  But  even  this  temperature  rise,  which  is  about  10  times 
the  critical  hot  spot  temperature  needed  for  initiation,  does  not 
insure  a  reaction  growing  to  completion.  The  heat  and  gaseous  pro¬ 
ducts  generated  as  a  result  of  the  compression  must  evolve  in  the 
explosive  charge  more  rapidly  than  they  are  dissipated  in  order  for 
the  reaction  to  accelerate. 


One  can  easily  realize  that  the  value  of  the  data  obtained 
in  impact  sensitivity  experiments  may  be  increased  considerably  by 
theoretical  considerations  of  the  impact  initiation  process.  The 
initiation  process  is  clearly  quite  complex.  However  the  analysis 
of  simplified  models  which  are  still  representative  of  the  condition 
within  the  explosive,  after  impact,  might  be  tractable.  One  such 
model  has  been  suggested  by  the  authors  in  an  earlier  paper  (9). 

This  model  assumes  that  in  a  porous  explosive  material: 

(1)  A  sudden  Impact  load  has  resulted  in  the  compression  of 
interstitial  gases. 

(2)  This  compression  is  not  uniformly  distributed. 

(3)  At  some  point  in  the  explosive  the  pressure  is  appreciably 
higher  than  elsewhere. 

(4)  The  compression  has  heated  the  gas  to  above  the  "ignition 
temperature"  for  the  explosive. 

(5)  The  principal  mechanism  of  reaction  propagation  is  that  of 
"deflagration" . 

(6)  The  principal  mechanisms  of  heat  dissipations  is  the  flow 
of  the  product  gases  through  the  interstices . 

In  this  model  of  a  porous  explosive  medium,  we  assume  that  the  inter - 
Btitial  spaces,  a  volume  which  is  small  compared  to  the  explosive 
charge  and  large  compared  with  an  individual  particle  or  pore,  are 
filled  with  hot  compressed  gas.  The  gas  flows  through  the  porous 
medium  at  a  rate  that  is  related  to  the  pressure  gradient  by  the 
partial  differential  equation 


k 

/^(l+m)f 


1+m 


?t  ’ 


where  m  =  i^tio  of  specific  heat  at  constant  volume  to  that  at  constant 
pressure,  /a  =  viscosity  of  the  gas,  f  =  porosity  of  the  explosive, 
k  =  permeability  of  the  explosive,  t  =  time  and  P  =  pressure  of  the  gas. 

At  the  same  time  the  explosive  deflagrates  at  the  grain  surface 
at  a  rate  delated  to  the  pressure  by  an  empirical  formula  of  the  form 
U  =  a+bP'^  .  Since  PV  =  nRT,  and  dn/dt  =  (v/RT)(dP/dt),  and 
UA  =  (a+bP’’)  A  =  dn/dt  the  substitution  dP/dt  =  l/n  P"^  dl^/dt 

results  in  the  equation  (a+bP'*)  ARTm/VP^  =  dP^ /dt,  where  A  is  the 
surface  areq,  of  particles  per  unit  volume. 
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The  complete  relation  between  the  evolution  and  the  dissipa¬ 
tion  of  gas  in  our  system  is  now  given  hy 


^(l+m)f 


In  the  three-dimensional  case,  because  of  spherical  symmetry  we  can 
write  the  above  equation  as 


l+m)f 


2  ,  V  m-1  ARTm  dP“ 

+  r  3^)  +  (a+hP  )  P  — - 


9^^  "  r  pr 


with  the  boundary  conditions,  P(r,o)  =  p^^+Pge 


2„  2 

-r  P3 


(ocr^T^), 


P(r3^,t)  =  P^ 


(t  >0) 


The  solution  of  the  above  equation  will  enable  us  to  determine  under 
what  conditions  an  expanding  reaction  will  occur  which  will  carry  on 
to  detonation,  and  when  the  reaction  is  dying.  This  dying  reaction 
can  occur  when  the  rate  at  which  the  gas  is  flowing  out  of  the  system 
is  greater  than  the  rate  at  which  it  is  being  evolved,  due  to  bumi^ 
of  the  explosive  material.  Data  of  the  -type  reported  herein  will  aid 
in  the  interpretation  of  solutions  to  the  equation. 
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INITIATION  AND  GROWTH  OF  DETONATION  IN  LIQUID  EXPLOSIVES 


F.  C.  Gibson,  C.  R.  Summers, 

C,  M.  Mason,  and  R.  W.  Van  Dolah 
Bureau  of  Mines 
Pittsburgh,  Pennsylvania 

Introduction 

The  mechanism  whereby  detonation  is  initiated  in  condensed 
phase  explosive  systems,  though  the  subject  of  many  experimental  and 
theoretical  investigations,  continues  to  elude  definition.  Of  con¬ 
tinuing  interest  in  the  high-explosives  field,  sensitivity  to  initi¬ 
ation  of  detonation  has  assumed  increased  importance  in  the  liquid 
monopropellant  and  high-energy  solid  propellant  fields.  This  sensi¬ 
tivity  is  typically  evaluated,  among  other  methods,  by  a  gap-sensi¬ 
tivity  test  where  the  sample,  suitably  contained,  is  subjected  to 
shock  from  a  standard  explosive  donor  after  attenuation  by  passage 
through  an  inert  barrier.  The  development  of  this  test  is  described 
by  Jacobs  (1),  One  form  has  been  recommended  as  a  "standard  test" 
for  evaluating  the  sensitivity  of  liquid  monopropellants  (2), 

Although  the  gap  test  is  capable  of  yielding  quite  repro¬ 
ducible  results  when  applied  to  many  systems,  many  anomalous  results 
occur.  As  an  example,  neat  nitromethane  will  yield  nearly  identical 
"gap  values"  whether  the  containing  cup  is  of  aluminum  or  steel. 
Other  systems,  such  as  50-50  nitroglycerine-ethylene  glycol  dini¬ 
trate,  (NG/EGDN),  show  a  much  lower  apparent  sensitivity  (smaller 
gap  value)  in  steel  cups  than  in  aluminum  cups,  with  glass  cups  giv¬ 
ing  even  smaller  gap  values.  Clearly,  the  test  does  not  measure  a 
sensitivity  that  is  characteristic  only  of  the  liquid  explosive 
alone;  rather,  the  sensitivity  measured  depends,  in  part,  upon  the 
nature  of  the  containers.  Further,  Cook  and  associates  (3)  have 
pointed  out  that  the  mechanism  whereby  initiation  occurs  under  card- 
gap  test  conditions  may  be  extremely  pertinent  to  the  problem  of  de- 
f lagration-to-detonation  transition  in  solid  propellants.  With 
these  problems  in  mind,  the  Bureau  of  Mines  began  studying  the  card- 
gap  test. 


Many  theories  of  initiation  have  been  proposed  (3-7). 
Bowden’s  hot-spot  theory,  originally  developed  for  the  drop-weight 
case  —  which  relies  on  the  adiabatic  compressional  heating  of 
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bubbles  —  has  been  criticized  by  Bolkhovitinov  (8)  and  by  Johannson 
and  Selberg  (9) ,  who  point  out  that  the  relaxation  times  for  the  min¬ 
ute  bubbles  postulated  to  be  present  are  too  short  for  the  compres¬ 
sion  to  be  adiabatic,  Bolkhovitinov  hypothesizes  an  alternative 
mechanism  where  the  crystallization  of  the  liquid  under  pressure  is 
the  causative  heat  source,  Johannson  (10)  proposes  that  vapor  or 
droplet  burning  in  the  bubbles  must  be  responsible  for  the  initiation 
at  low-impact  energies.  Indeed,  Bowden  and  Jafee  recognized  the  im¬ 
portance  of  the  vapor-phase  decomposition  in  the  initiation  of  liq¬ 
uid  e^losives,  Andreev  (7)  suggests  that  the  burning  of  a  droplet 
suspension  is  important  in  the  transformation  of  deflagration  to 
detonation.  Interestingly  enough,  this  same  idea  of  a  burning  sus¬ 
pension  of  particles  of  explosive  is  postulated  by  Cachia  and  Whit¬ 
bread  (11)  as  being  important  in  their  experiments  on  the  shock  ini¬ 
tiation  of  single  crystals  of  Cyclonit e  (RDX)^,  In  considering  the 
initiation  of  air-free  nitroglycerin,  Selberg  (12)  attempts  to  cal¬ 
culate  the  particle  velocity  of  the  shock  wave  required.  In  con¬ 
trast,  Cook  and  comtemporaries  (3)  suggest  that  initiation  occurs 
only  with  the  development  of  both  a  pressure-generated  ’’metallic 
state”  and  a  ’’plasma”  which  can  provide  the  postulated  requirement 
of  high  heat  conductivity,  A  further  consequence  of  this  theory  is 
the  projection  of  a  ’’plasma”  from  the  end  of  the  charge  under  some 
conditions  (13).  Jacobs  (1),  however,  has  suggested  that  the  exper¬ 
iments  described  by  Cook  may  be  explained  by  alternate  hypotheses. 

We  believe  the  results  reported  herein  suggest  a  mechanism 
for  Initiation  \inder  card-gap  test  conditions  and  provide,  as  well, 
a  possible  explanation  for  the  of f -the- charge- end  ’’plasma”  phenome¬ 
non. 


Experimental  Details 


Liquid  systems  were  chosen  by  the  Bureau  of  Mines  because 
they  are  more  amenable  to  photographic  study,  Shpck  and  detonation 
phenomena  were  examined  by  direct-  and  schlieren- photographic  meth¬ 
ods  and  by  a  resistance  element  technique  recently  developed  to 
measure  continuously  detonation  velocities  (14) .  The  photographs 
were  made  both  , with  an  instantaneous  (0,5  |i  sec.  exposure)  Rapa- 
tronic  camera-' and  the  Cordin  high-speed  framing  camera-' of  the  U.  S. 
Naval  Propellant  Plant  at  Indian  Head,  Maryland. 


1/  A  product  of  Edgerton,  Germeshausen  and  Grier,  Inc.,  160  Brook¬ 
line  Ave.,  Boston,  Mass. 

2/  A  product  of  the  Cordin  Company,  1637  Pioneer  Rd.,  Salt  Lake 
City  4,  Utah. 
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Several  charge  configurations  were  used  in  these  experi¬ 
ments,  Initiation  was  accomplished  by  an  attenuated  shock  wave,  from 
an  explosive  donor,  into  the  transparent  vessel  containing  the  liquid 
explosive.  A  drawing  of  a  typical  charge  configuration  is  shown  in 
Figxire  1. 

Preliminary  work  indicated  that  a  rubber  barrier  would  be  a 
satisfactory  shock  attenuator  to  yield  delayed  ignitions  and  consid¬ 
erable  predetonation  activity  of  Interest.  Typically,  it  was  found 
that  a  rubber  barrier  2.6  cm.  thick  would  provide  initiation  delay 
times  of  5  to  15  ^  sec.  for  granular  explosives  and  about  50  |i,  sec, 
for  the  50-50  nitroglycerin-ethylene  glycol-dinitrate  (KO/ECH)N)  mix¬ 
tures  used  for  most  of  this  investigation.  In  some  experiments,  the 
usual  stack  of  cellulose  acetate  cards  (2)  was  employed  with  compara¬ 
ble  results. 

To  permit  a  study  of  the  effects  of  geometry  and  wall  mate¬ 
rials,  the  confining  vessels  used  were  either  round  Plexiglas  tubes 
or  tubes  having  square  cross  sections  where  the  front  and  rear  (view¬ 
ing  sides)  were  Plexiglas;  the  side  walls  were  steel,  aluminum,  or 
Plexiglas.  In  most  cases  a  mirror  was  positioned  at  45°  above  the 
tube  to  provide  a  simultaneous  end-on  view  of  the  event.  In  other 
cases,  a  steel  witness  plate,  1/4  inch  thick,  was  positioned  on  top 
the  charge. 


Because  the  early  stage  of  the  shock  excitation  is  nonlumi- 
nous,  it  was  necessary  to  provide  background  light  to  silhouette  the 
event.  This  was  provided  by  an  exploding  wire  fabricated  of  a  10-cm. 
length  of  5  mil.  aluminvun  wire.  A  simple  white  paper  corner  reflec¬ 
tor  was  positioned  behind  the  wire.  A  capacitive  discharge  energy  of 
216  Joules  was  applied  to  the  wire  through  a  synchronizing  hydrogen 
thyratron  with  suitable  delay  provided  to  allow  optimum  buildup  of 
luminosity.  The  exploding  wire  was  placed  7-1/2  cm.  behind  a  trans¬ 
lucent  paper  screen  which  was,  in  most  cases,  ruled  with  lines  one 
centimeter  apart  to  provide  convenient  reference. 

The  donors  were  14  gram  tetryl  pellets  initiated  either  by 
a  No.  8  electric  blasting  cap  or  a  short  length  of  Primacord  which 
was,  in  turn,  initiated  by  a  No.  8  blasting  cap.  All  tests  were  con¬ 
ducted  with  the  liquid  at  a  temperature  of  25°C. 


Experimental  Results 

A  complete  framing-camera  sequence  of  one  explosive  test. 
Figure  2,  illustrates  the  complexity  of  the  initiation  process. 

This  charge  configuration  was  identical  to  that  shown  in  Figure  1, 
except  that  the  charge  contained  a  resistance  element.  The  vessel 
was  a  23  mm.  i.d.  Plexiglas  tube,  11  cm.  long,  filled  with  NG/EGDN 
and  shocked  by  a  14-gram  tetryl  donor  through  a  2.6  cm. -thick  rubber 
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Fig.  2  -  A  framing  camera  sequence  of  the  initiation  and 
growth  of  detonation  in  a  NG/EGDN  mixture,  contained 
in  a  23  mm.  i.d.  tube.  Both  axial  and  peripheral  initia¬ 
tion  is  shown.  The  interframe  time  is  4.2  sec.  amd  the 
frame  exposure  time  is  1.4  n&ec.  A  resistance  element 
was  prepositioned  in  the  charge. 
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barrier.  Interframe  time  was  4,2  |j.  sec.  and  the  expostire  time  per 
frame  was  1,4  ji  sec.  The  end-on  view  of  the  event  appears  in  the 
mirror  inclined  at  about  45°  to  the  charge  axis  and  positioned  off 
the  charge  end. 

In  frame  3,  the  shock  wave  is  seen  emerging  from  the  bar¬ 
rier.  A  nonlumlnous  disturbance  moves  up  the  tube  at  a  rate  of  about 
1.6  mm/p.  sec.;  this  is  slightly  higher  than  sonic  velocity  for  the 
liquid.  In  frame  9,  about  25  \x  sec,  later,  an  axial  disturbance, 
nonlumlnous  in  its  early  stages,  begins  to  appear.  Later,  this  dis¬ 
turbance  develops  into  a  spearhead,  showing  a  lateral,  luminous 
growth  at  its  base  and  moving  downstream  through  the  column  at 
2.5  mm/|i  sec.  This  is  approximately  sonic  velocity  for  the  cylindri¬ 
cal  plastic  container.  This  axial  disturbance  would  thus  appear  to 
result  from  the  interaction  of  the  transverse  waves  generated  in  the 
liquid  by  the  compression  waves  in  the  vessel  wall. 

In  frame  No.  12,  the  reaction  occurs  not  only  on  the  axis, 
but  early  peripheral  initiation  also  is  seen  in  the  mirror  view.  In 
frame  13,  the  luminous  reactive  region  is  seen  to  develop  at  the 
interface  between  the  liquid  and  the  vessel  wall,  but  little  lateral 
pressure  is  created.  By  frames  15  and  16,  two  initiation  regions  are 
Indicated  and  the  vessel  has  begun  to  yield.  The  axial  disturbance 
has  reached  the  charge  end  and  has  spread  along  the  meniscus  in 
frame  15  and  a  suspension  of  droplets  is  driven  off  the  end  in  a 
fountain-like  ejection.  These  particles  decompose  during  passage 
through  the  atmosphere  above  the  charge,  as  indicated  in  the  end-on 
view  of  frame  18  and  later  frames. 

The  peripheral  initiation  of  the  NG/EGDN  mixture  is  more 
clearly  shown  in  the  selected  frames  (18,  20,  22,  and  24)  taken  from 
another  shot.  Figure  3,  This  sequence  was  photographed  with  an  In- 
terframe  time  of  1.4  p  sec.  and  an  exposure  time  of  0.90  p  sec.  The 
diameter  of  the  confining  vessel  was  35  mm.  i.d.,  about  50  percent 
larger  than  that  used  in  the  tests  described  in  Figure  2;  the  length 
was  the  same.  Because  of  the  greater  diameter,  the  axial  disturb¬ 
ance  was  less  severe  and  initial  luminous  reaction  occurred  only  at 
the  liquid  explosive-vessel  wall  interface,  as  shown  clearly  in  the 
end-on  view  (Figure  3).  The  hairy  structure  of  the  products  cloud  is 
perhaps  caused  by  the  ejection  and  subsequent  reaction  of  explosive 
after  passage  through  the  longitudinal  tension  cracks  in  the  plastic 
vessel  wall.  The  broad  luminous  zone  is  propagating  at  a  rate  of 
about  7  mm/p  sec.  This  is  approximately  the  normal  hydrodynamic 
velocity  for  detonating  NG/EGDN, 

The  intense  spearheaded  axial  disturbance,  evidenced  in 
Figure  2,  is  further  illustrated  in  Figure  4,  In  Figure  4,  the  ves¬ 
sel  was  not  instrumented  with  a  resistance  element.  This  single 
frame  0.5  p  sec,  Rapatronic  camera  photograph  shows  the  opacity 
caused  by  the  wall-liquid  interaction  at  the  vessel  top  and  the 
cracks  at  the  base  from  which  liquid  explosive  is  later  ejected. 
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Fig,  3  -  Selected  frames  of  a  sequence  in  a  35  mm.  i.d,  vessel 
showing  only  peripheral  initiation  in  a  NG/EGDN  mixture.  The 
interframe  time  between  adjacent  frames  was  1,4  (isec,  and 
the  frame  exposure  time  was  0,90  ^sec. 


Fig.  4  -  A  Rapatronic  camera 
photograph,  single  frame  expo¬ 
sure,  showing  the  predetonation 
activity  in  a  column  of  NG/ 
EGDN,  No  resistance  element 
was  employed.  Exposure  time 
was  approximately  0.5  sec. 
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The  early  suspicion  that  the  formation  of  an  axial  spearhead  depended 
upon  the  presence  of  the  resistance  wire  element  was  thus  eliminated. 
In  other  similar  pictures,  taken  without  back  lighting,  the  luminos¬ 
ity  of  the  base  of  the  spearhead  is  clearly  evident. 

By  employing  a  square  plastic  tube,  the  complex  wave  inter¬ 
action  can  be  further  examined.  Figure  5  illustrates  the  beautifully 
symmetrical  pattern  of  luminous  and  nonlviminous  phenomena  occurring 
at  an  intermediate  point  in  the  initiation  process.  This  frame, 
selected  from  a  full  sequence,  had  an  exposure  time  of  1.4  sec. 

The  tube  was  22  mm,  x  22  mm.  x  75  mm.  and  had  been  shocked  through  a 
rubber  barrier  in  the  usual  manner.  The  top  of  the  grey  zone,  seen 
in  the  front  view,  represents  the  position  of  the  compression  wave  in 
the  plastic  container  and  also  seen  where  the  luminous  zones  merge  in 
the  center,  is  the  point  where  the  transverse  sonic  waves  intersect 
in  the  liquid. 

In  Figure  6,  four  selected  frames  are  shown  from  a  framing 
camera  sequence  where  a  standard  card-gap  (2)  configuration  was  used. 
The  time  between  adjacent  frames  is  4,2  \x  sec,;  the  exposure  time  is 
1.4  |i  sec.  Again,  a  square  plastic  tube  was  used  with  a  2,6-inch 
card-gap  (plastic)  and  two  1-5/8- inch- diameter  by  1/2-inch-long  tet- 
ryl  boosters.  This  result  was  a  high-order  detonation,  as  evidenced 
by  the  photographic  sequence  and  also  by  the  clean-cut  hole  that  re¬ 
sulted  in  the  witness  plate.  The  failure  of  the  plate  is  evident  in 
the  fourth  frame  shown.  Again,  the  wall  is  the  locus  for  initiation, 
but  the  reaction  is  seen  to  spread  quickly  and  uniformly  across  the 
vessel.  The  bright  spot  under  the  witness  plate  in  frame  9  is  an  air 
bubble,  but  it  did  not  serve  as  a  nucleus  for  initiation. 

A  rather  similar  card-gap  test  configuration  is  shown  in 
Figure  7.  Here,  two  sides  of  the  tube  were  steel  and  the  plastic 
barrier  was  only  3,75  cm.  thick.  The  same  type  donor  was  used  in 
this  test  as  for  that  shown  in  Figure  6,  the  framing  rate  was  also 
the  same.  In  this  sequence  the  reaction  is  predominately  along  the 
side  walls  of  the  vessel  and  although  reaction  developed  throughout 
the  entire  container  by  frame  16,  the  detonation  reaction  was  incom¬ 
plete  and  the  witness  plate  was  recovered  essentially  undamaged. 

These  two  shots  indicate  an  anomaly  which  may  result  from  using  a 
witness  plate  as  a  criterion  for  detonation. 

In  another  experiment  (Figure  8),  a  square  cross-section 
tube  with  two  sides  of  aluminum  was  employed,  together  with  a  rubber 
barrier.  The  early  stage  of  the  initiation  is  not  unlike  that  ob¬ 
tained  with  a  plastic  card  barrier  as  shown  in  Figure  6,  Instead  of 
a  witness  plate,  an  end  viewing  mirror  was  used.  The  incipient  igni¬ 
tion,  seen  in  frame  7,  has,  4.2  [i  sec.  later,  developed  into  a  reac¬ 
tion  which  has  engulfed  the  base  of  the  charge.  In  frame  10,  a  liimi- 
nous  cloud,  giving  the  appearance  of  the  plasma  reported  by  Cook  (3), 
is  seen  at  the  end  of  the  charge  resting  on  the  liquid  explosive 
meniscus , 


443 


Gibson,  Summers,  Mason,  Van  Dolah 


Fig.  5  -  A  single  frame,  from  a  sequence, 
of  detonating  NG/EGDNin  a  plastic  vessel 
having  a  square  cross  section.  The  end- 
on  mirror  shows  the  symmetry  of  shock 
interaction  and  peripheral  initiation.  The 
exposure  time  was  1.4  //sec. 


Fig.  6  -  Selected  frames  from  a  sequence  of  a  detonation  in 
NG/EGDN  for  a  typical  card-gap  configuration.  Aplastic 
tube  having  a  square  cross  section,  a  plastic  barrier  thick¬ 
ness  of  2,6  inches,  and  a  4  inch  x  4  inch  x  1/4  inch  witness 
plate  were  used.  A  high  order  detonation  resiolted  which 
punched  a  clean  hole  in  the  witness  plate.  The  adjacent 
interframe  time  was  4.2  //sec.  and  the  frame  exposure  time 
was  1.4  //sec. 
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11  13  16  20 


Fig.  7  -  Photograph  of  a  card-gap  configuration  in  which  the  side 
walls  were  steel;  gap  thickness  was  1.5  inches  (vs.  2.6  inches  for 
Fig.  6).  Initiation  is  at  the  metal  wall  surfaces.  Reaction  was 
predominately  low-order,  little  witness  plate  damage  resulted. 
The  interframe  is  4.2  ^sec.and  frame  exposure  time  is  1.4  /<Bec. 


1 


Fig,  8  -  Frames  selected  from  a  sequence  of  detonating  NG/EGDN 
in  a  vessel  of  square  cross  section  and  with  two  aluminum  side 
walls.  A  rubber  shock  attenuation-barrier  was  used.  Early  initia¬ 
tion  stages  are  similar  to  the  card-gap  tests,  except  that  the  locus 
for  initiation  appears  to  be  in  a  central  region.  In  frame  10  a 
luminous  cloud  is  seen  at  the  end  of  the  charge  resting  on  the 
meniscus  although  the  reaction  has  not  as  yet  reached  the  end  of 
the  charge. 
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The  nature  of  the  off -end  luminous  zone,  seen  in  the  pre¬ 
ceding  photograph,  may  be  explained  by  the  results  in  Figure  9,  The 
vessel  is  a  35  mm.  i.d.  cylinder.  Frame  6  shows  the  shock  wave  en¬ 
tering  the  column;  in  frame  8,  two  zones  are  discernible,  the  upper¬ 
most  caused  by  the  shock  wave  in  the  wall  and  the  opaque  region  at 
the  base  of  the  charge  due  to  shock  activity  in  the  unreacted  liquid. 
Merging  in  frames  10  and  12,  these  zones  have  enveloped  the  entire 
charge  by  frame  14.  A  reaction  at  the  wall,  occurring  at  the  base  of 
the  column  in  frame  16,  has,  by  frame  18,  reached  the  end  of  the 
charge;  however,  at  this  instant  an  opaque  fountain  (dark  cloud)  of 
unreacted  droplets  or  mist  of  explosive  is  ejected  from  the  surface 
of  the  liquid.  In  frame  19  this  cloud  has  grown  and  is  reacting  as 
a  droplet  suspension  in  the  off -end  atmosphere.  Also  visible  in 
frame  19  is  an  annular  droplet  formation  caused  by  ejection  of  mate¬ 
rial  near  the  wall  subsequent  to  the  central  foimtain  shown  in  frame 
18.  The  appearance  of  this  off-end  phenomenon  could  readily  be  mis¬ 
construed  as  a  "plasma",  since  it  would  probably  have  electrical 
characteristics  of  a  "plasma"  when  evaluated  by  probe  techniques  and 
certainly  appears  to  have  the  photographic  attributes  of  the  "plasma" 
described  in  the  literature  by  Cook,  et  al .  (3,  13). 

The  results  obtained  using  a  hybrid  confining  vessel  are 
shown  in  Figure  10,  In  this  experiment,  one  side  wall  is  aluminum 
and  the  other  is  steel;  a  rubber  barrier  is  employed.  Selected 
frames  from  the  sequence  indicate  effects  caused  by  the  nature  of 
wall  material.  The  interframe  time  is  2,1  [i  sec,  and  the  exposure 
is  1.4  \i  sec/frame.  The  event  is  symmetrical  in  the  early  stages; 
by  frame  5  the  effect  of  the  difference  in  wall  composition  becomes 
noticeable  in  that  the  side  view  shows  the  precursor  wave  along  the 
steel  to  be  advancing  ahead  of  the  wave  along  the  aluminum.  In  con¬ 
trast  to  this,  the  end  view  indicates  that  the  locus  of  an  early 
reaction,  which  appears  to  die  out,  is  at  the  aluminum  wall.  In 
frame  6  a  symmetrical  axial  disturbance  forms  which,  by  frame  9, 
appears  to  bend  toward  the  aluminum  wall.  In  frame  12  the  ejection 
of  a  droplet  formation  is  evident  with  the  greater  jet  action  in  the 
vicinity  of  the  steel.  By  frames  14  and  15,  pockets  of  reaction 
appear  along  the  steel  interface  and  in  frame  16  the  off -end  droplet 
cloud  has  reacted  in  passage  into  the  air  at  the  charge  end. 

The  schlieren  photograph  in  Figure  11  clearly  shows  the 
multiplicity  of  lateral  waves  induced  in  the  explosive  by  shock 
waves  in  the  steel  side  walls.  This  is  a  single-frame  Rapatronic 
camera  photograph  taken  25  [i  sec.  after  entry  of  the  shock  wave  into 
the  NG-EGDN  filled  vessel.  The  charge  contained  a  resistance  ele¬ 
ment.  The  opaque  region  at  the  base  of  the  charge  represents  the 
disturbance  in  the  liquid  explosive. 

The  effect  of  the  presence  of  metal  surfaces  in  repressing, 
detonation  failures  in  nitroraethane  was  reported  by  Campbell  and 
associates  (15),  The  experiments  involved  streak  camera  studies  of 
detonation  in  tubes  of  glass,  dural,  and  glass  tubes  lined  with 


446 


Gibson,  Summers,  Mason,  Van  Dolah 


Fig.  9  -  The  development  of  the  off-end  luminous  cloud  is 
shown  in  the  selected  frames  from  a  sequence  of  detonating 
NG/EGDN  in  a  35  mm.  i.d.  Plexiglas  tube.  Predetonation 
activity  is  shown  in  the  early  stages  of  the  event  and  in 
frame  18  an  opaque  axial  droplet  ejection  is  clearly  evident, 
in  frame  19  (4.2  /isec.  later)  this  material  has  reacted  on 
its  passage  into  the  atmosphere.  In  addition,  an  annular 
formation  has  developed  during  the  interframe  time  of  4.2 
fisec.  and  exposure  time  of  1.4  //sec.  This  may  be  an 
example  of  the  phenomena  referred  to  in  the  literature  as  a 
“plasma.” 
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Fig,  10  -  Selected  frames  from  a  sequence  of  detonating  NG/EGDN 
showing  the  effect  of  wall  material.  The  left  side  wall  is  aluminum 
and  the  right  wall  steel.  Luminosity  is  first  discernible  in  the 
region  of  the  aluminum  but  is  later  followed  by  reaction  at  the  steel 
wall.  Adjacent  frames  were  2.1  |/sec.  apart  and  frame  exposure 
was  0.14  ^sec.  The  jet  of  unreacted  explosive  is  visible  and  the 
locus  of  reaction  is  shown  in  the  end-on  mirror  view. 


Fig.  11  -  A  Rapatronic  camera 
schlieren  photograph  of  the 
lateral  waves  in  the  body  of  a 
detonating  NG/EGDN  mixture. 
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various  metal  foils.  Campbell  and  his  fellows  concluded  that  the 
action  of  metal  foils  in  repressing  failures  was  due  to  the  confine¬ 
ment  provided  by  the  foil  where  the  density,  compressibility,  and 
thickness  of  the  material  are  the  important  parameters.  No  discern¬ 
ible  effect  was  observed  due  to  the  specific  nature  of  the  surface. 

In  our  experiments,  using  relatively  thick  (3.1  mm.)  side  walls,  the 
wall  material  seemed  to  play  an  important  role  in  establishing  the 
locus  of  initiation. 

Resistance- element  records  for  two  types  of  initiation  of 
detonation  in  NG/EGDN  are  shown  in  Figure  12,  In  one  case  (Figure 
12(a))  in  which  the  barrier  was  a  2.6  cm.  long  rubber  cylinder  snugly 
fitting  into  the  plastic  acceptor  tube,  the  shock  waves  were  suffi¬ 
ciently  intense  to  cause  the  detonation  to  occvir  after  a  delay  of 
25  |jL  sec,  and  at  a  point  about  .1.6  cm,  into  the  charge.  In  the 
other  case  (Figure  12(b)),  where  shock  attenuation  was  provided  by 
the  conventional- type  rubber  barrier  (shown  in  Figure  1),  a  delay  of 
about  45  [i  sec,  resulted  and  initiation  to  detonation  originated  at  a 
distance  of  5,2  cm.  from  the  barrier.  During  the  delay,  the  wire- 
element  record  shows  a  period  of  erratic  behavior  where  no  orderly 
propagation  is  indicated;  however,  ultimately,  at  least  on  the  axis, 
the  hydrodynamic  velocity  was  attained.  Our  conclusion  is  that  had 
these  tests  been  instrumented  only  by  witness  plates,  the  first  re¬ 
sult  would  have  been  ’’positive,”  the  second  a  ’’failure”.  Under 
these  conditions,  the  detonation  velocities  measured  over  discrete 
intervals  would  have  been  recorded  as  high  and  low,  respectively. 


Discussion  and  Conclusions 


These  photographic  studies  indicate  that  the  stimulus  given 
to  a  sample  in  the  card-gap  test  is  anything  but  simple.  Evidently, 
the  usual  concept  of  a  sample  being  subjected  to  a  ’’pure  shock”  is 
rather  naive  and  quite  inadequate.  Rather,  the  sample  is  subjected 
to  a  wide  range  of  interacting  forces.  Consideration  of  these  inter¬ 
actions  leads  us  to  suggest  a  new  mechanism  for  the  initiation  of 
detonation  in  liquid  explosives.  The  mechanism  is  essentially  one 
of  cavitation  established  by  shock  excitation  (16),  possibly  with 
additional  heating  of  the  liquid  provided  by  shear  forces  resulting 
from  differential  particle  velocities  in  the  liquid  and  between  the 
liquid  and  the  container  walls.  A  minor  contribution  to  heating  may 
result  from  compression  of  the  liquid. 

If  a  liquid  body  is  exposed  to  intense  acoustic  vibrations 
—  and  the  intensity  of  the  stimulus  in  the  tests  described  is  un¬ 
questionably  high  —  gas  bubbles  will  be  formed  from  the  dissolved 
gases.  Such  gas  pockets  may  first  exist  as  small  invisible  bubbles 
of  microscopic  dimensions.  These  bubbles,  finely  dispersed  through¬ 
out  the  liquid,  constitute  weak  points  in  a  liquid  whose  tensile 
strength  is  determined  by  the  largest  bubble  present.  In  addition, 
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Fig.  12  -  Oscillographic  record  of  a  wire  element 
employed  for  the  continuous  determination  of 
detonation  velocities,  (a)  Waveform  resulting 
from  a  high  order  propagation  in  NG/EGDN  in 
which  the  steady  state  velocity  is  8,6  mxn/usec, 
A  piston  type  rubber  barrier  was  used  giving  an 
abnormally  high  apparent  velocity  which  may  have 
been  due  to  precompression  during  the  25  /^sec. 
delay  before  reaction  began,  (b)  Waveform  result¬ 
ing  from  a  test  using  the  conventional  charge  con¬ 
figuration  (Fig.  1),  A  period  of  erratic  behavior 
is  indicated  prior  to  establishment  of  a  7,5  mm/iu 
sec.  propagation.  Time  base  if  5  |isec/div  on  the 
abscissa  and  distance  is  3.6  cm/div  on  the 
ordinate. 
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impurities,  such  as  dust  particles,  provide  nuclei  for  the  formation 
of  additional  cavities.  Other  weak  points  would  be  found  in  the  gas 
nuclei  contained  in  small  imperfections  in  the  container  wall.  In  a 
reactive  system,  such  as  NG/EGDN,  the  vapors  in  the  voids  would  be 
capable  of  exothermic  decomposition.  Bowden  and  associates  (4),  have 
postulated  that  the  adiabatic  heating  of  such  cavities  would  be  a 
sourcs  of  local  reaction;  however,  Bolkhovitinov  (8)  and  Selberg  (12) 
disagree  with  this  theory,  based  on  considgration_gf  thermal  relaxa¬ 
tion  times  for  the  very  small  bubbles  (10  to  10  mm.). 

During  cavitation,  the  small  bubbles  may  coalesce  into 
larger  bubbles  of  a  size  sufficient  for  compression  to  result  in 
adiabatic  heating.  Importantly,  any  decomposition  of  the  vapor  or 
droplets  in  the  bubbles  which  results  in  the  production  of  gas,  also 
results  in  an  increase  in  bubble  size.  The  time  required  for  the 
foci  to  grow  through  coalescence  and  reaction  may  well  account  for 
the  long  delays  observed  in  the  initiation  process. 

An  analogy  of  the  cavitation  process  has  been  observed  in 
solid  plastic  rods.  Figure  13  shows  a  section  of  1-1/4  inch  Plexi¬ 
glas  rod  after  it  has  been  subjected  to  the  shock  waves  from  a  1-1/4 
inch  diameter  explosive  donor.  That  part  of  the  rod  immediately  ad¬ 
jacent  to  the  explosive  was  completely  destroyed  but  a  portion  of  the 
rod  recovered  shows  a  well  defined  spearhead  of  multiple  tensional 
fractures.  This  is  to  be  compared  with  Figures  2  and  4  showing  the 
spearhead  observed  in  50-50  NG/EGDN.  Each  fracture  gives  the  ap¬ 
pearance  of  a  small  cone  pointed  toward  the  explosive  donor.  This 
solid  analog  lends  support  to  the  suggestion  that  initiation  process¬ 
es  comparable  to  those  observed  here  in  liquids  may  play  an  important 
role  in  the  sensitivity  of  solid  propellants. 

The  nature  of  "low-order  detonations"  continues  to  elude 
definition.  These  phenomena  are  characterized  by  low  apparent 
velocities  of  a  liuninous,  pressurized,  or  ionized  front.  Because  the 
luminosity,  pressure,  and  ionization  are  all  less  than  that  associ¬ 
ated  with  a  normal  detonation,  less  than  complete  reaction  is  the 
usual  assumption.  Tacitly,  the  process  is  otherwise  assumed  to  re¬ 
semble  a  detonation  (17) .  The  broad  luminous  zone,  the  complex  pres¬ 
sure  interactions  between  wall  and  contents,  and  the  erratic  ioniza¬ 
tion  observed  with  the  resistance  element  raises  questions  as  to  the 
validity  of  this  assumption.  Further  investigation  of  "low-order 
detonations"  are  planned  by  the  Bureau  of  Mines  because  of  their 
potential  importance  in  the  safe  handling  of  explosives  and 
propellants. 
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Fig,  13  -  Photograph  showing  the  effect 
of  shock  wave  interaction  in  a  solid 
Plexiglas  rod  which  had  been  used  as  a 
barrier  in  a  card-gap  test.  The  effect 
of  tension  and  the  attenuation  of  the 
shock  wave  with  distance  into  the  rod 
is  clearly  shown.  Similar  effects  in 
liquids  would  produce  cavitation. 
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Background  Infomation 

The  many  initiation  studies  that  have  been  conducted  indi¬ 
cate  that  initiation,  especially  by  near-minimum  influences,  is  con¬ 
trolled  by  many  physical  conditions.  Nitroglycerin  was  first 
pared  in  1846  and  much  information  has  been  obtained  about  the  initi¬ 
ation  process  and  associated  conditions  since  the  initial  work  on 
nitroglycerin  by  Sobrero  and  Nobel. 

Prior  to  1892,  Berthelot  concluded  that  the  impact  energy 
in  the  drop-weight  initiation  test  was  sufficient  to  heat  only  a 
small  portion  of  a  nitroglycerin  sample  to  the  detonation  temperature 
(Ref.  !)•  Direct  evidence  concerning  energy  requirements  and  the 
details  of  the  localized  process  was  obtained  many  years  later  by 
Bowden  and  co-workers  (Ref.  2).  These  investigators  found  that  the 
applied  energy  required  for  impact-initiation  was  only  5-25  x  10“ 
cal.  in  the  presence  of  an  air  bubble.  The  heat  developed  within  a 
small  bubble  by  adiabatic  compression  accounts  for  10-10  to  10“^  cal. 
In  the  absence  of  bubbles  the  applied  energy  required  for  impact  in¬ 
itiation  was  higher  by  many  orders  of  magnitude,  namely,  2.5-25  cal. 

The  importance  of  air  bubbles  in  dense,  gelatinized  nitro¬ 
glycerin  explosives  is  well  known  in  the  explosives  industry.  For 
instance,  blasting  gelatin  (approximately  91^  nitroglycerin,  8% 
nitrocotton,  1^  chalk)  may  become  so  insensitive  from  loss  of  oc¬ 
cluded  air  during  storage  that  initiation  by  a  commercial  blasting 
cap  is  well-nigh  impossible. 

Bowden  often  found  the  build-up  time  from  deflagration  to 
detonation  of  nitroglycerin  to  be  20-150)16  starting  from  a  hot  spot 
in  a  confined  film.  In  some  unpublished  work  by  the  writer  the  build¬ 
up  times  for  the  underwater  shock-wave  initiation  of  nitroglycerin  in 
polyethylene  bags  often  were  much  longer,  namely  1-15  nis,  if  the  near 
limiting  conditions  for  initiation  existed.  This  work  involved  sym¬ 
pathetic  detonation  tests  between  primer  and  receptor  charges  spaced 
to  obtain  various  shock  wave  energies,  or  pressures.  At  a  distance 
for  consistent  propagation  from  a  73  g*  cast  pentolite  primer,  ^ 
namely  8  ft.,  the  shock-wave  energy  was  only  about  0o025  cal. /cm  , 
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and  the  pressure  75  atmospheres  (Ref.  3)*  Undoubtedly  air  bubbles 
were  present  in  the  nitroglycerin.  Bowden  found  that  the  building-up 
process  of  initiation  of  nitroglycerin  from  an  adiabatically  ccxn- 
pressed  air  bubble  in  a  film  could  be  accomplished  if  the  bubble  vol¬ 
ume  was  compressed  by  a  ratio  of  20/1,  which  corresponds  to  a  pres¬ 
sure  increase  from  1  atmosphere  to  about  50,  or  to  an  initial  adia¬ 
batic  bubble  temperature  of  about  500®C.  In  both  Bowden’s  work  and 
ours  the  build-up  to  detonation  was  slowest  if  a  minimum  intensity 
initiating  influence  was  exerted. 

Earlier  work  at  this  Laboratory  gave  reason  to  consider 
that  more  than  microscopic  or  very  localized  effects  might  be  involved 
in  the  initiation  of  bubble-free,  unconfined  nitroglycerin.  Whereas 
nitroglycerin  may  readily  be  caused  to  detonate  from  a  small  hot  spot 
in  a  thin,  confined  film,  it  fails  to  propagate  far  from  even  a  large 
primer  if  confined  only  in  a  paper  tube  (soda  straw)  having  a  diam¬ 
eter  of  about  4  mm.  This  diameter  is  approximately  the  critical  size 
for  propagation  of  slightly  confined  nitroglycerin. 

Method  of  Investigation 

A  framing  camera  was  used  to  take  a  sequence  of  25  pictures 
of  the  initiation  process  in  20  to  60]as.  The  subjects  were  back¬ 
lighted  with  an  argon  flash  lamp  in  order  to  reveal  shocks,  rare¬ 
faction  clouds,  and  gas  clouds. 

A  commercial  blend  of  70/30-nitroglycerin/ethylene  glycol 
dinitrate  (EGD)  which  had  the  characteristic  yellow  tint  of  the  clear 
liquid  was  used.  The  material  was  passed  through  double  dry  filter 
papers  prior  to  use.  For  brevity,  and  in  accord  with  common  indus¬ 
trial  usage,  the  blend  of  nitrate  esters  will  be  referred  to  as  NG 
throughout  this  paper. 

The  cells  containing  NG  were  either  rectangular  or  cylin¬ 
drical.  The  rectangular  cells  had  windows  of  either  glass  of  1  mil 
"Mylar”*  (10-3  in.  thick).  The  latter  material  was  used  for  most  of 
the  investigation.  The  cylindrical  cells  were  made  of  “Mylar**  that 
was  cemented  to  a  disk-shaped  base  of  **Lucite****.  The  smallest  di¬ 
mension  of  the  cell  in  different  experiments  ranged  between  3/4  in. 
and  3  in. 

In  order  to  minimize  shock  reflections  and  rarefaction 
clouds  in  the  undetonated  NG  near  a  slow-acting  initiating  influence, 
some  of  the  cells  were  immersed  in  tanks  containing  either  water  or  a 
denser  aqueous  salt  solution. 

Initiating  influences  were  applied  by  several  methods.  Arc 
discharges  and  exploding  bridge  wires  were  set  off  within  NG-filled 
cells,  using  a  source  of  5000  v.  from  a  3  condenser  that  was 
triggered  through  a  5C22  hydrogen  thyratron  tube.  No.  8  and  other 
blasting  caps  of  the  arc-firing  type  also  were  used  as  initiators. 

The  No.  8  caps  started  to  expand  about  2-1/2  ps  after  the  spark 
discharge. 

Other  experimental  details  will  be  mentioned  where  they 

apply. 

♦Registered  trademark  for  polyester  film  of  E.I.  du  Pont  de  Nemours 
&  Co.,  Inc. 

♦♦Registered  trademark  for  acrylic  resin  of  E.I.  du  Pont  de  Nemours 
<Sr  Co.,  Inc. 
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Initiation  Studies 

Arc  Discharge  in  NG 

The  photographs  revealed  that  the  initial  highly  luminous 
reaction  about  a  spark  discharge  (0*01  cm*  gap)  in  NG  soon  diminished 
in  liiminosity*  The  photographic  record  is  indicative  of  an  initial 
temperature  greatly  exceeding  3000®^*  The  initial  radial  expansion 
rate  of  the  hot  gas  globe  in  the  NG  was  150-200  m*/sec.,  but  this  rate 
diminished  to  about  50  or  60  m*/sec*  25  us  after  the  discharge*  The 
rate  decreased  to  about  35  m*/sec*  in  another  25  Jis* 

The  approximate  energy  of  the  spark  discharge  in  NG  was  4*5 
cal.  if  we  assume  that  half  of  the  condenser  energy  was  transmitted  to 
the  discharge  points. 

An  attempt  was  made  to  produce  an  accelerated  reaction  in 
the  vicinity  of  sparks  by  firing  two  successive  ones  0.2  cm.  apart, 
in  a  time  interval  of  10  ps.  The  objectives  were  as  follows:  (1)  to 
project  compressed  liquid,  preferably  as  spray,  into  the  first  hot  gas 
globe,  (2)  to  create  additional  pressure  between  arcing  regions,  and 
(3)  to  start  a  larger  hot  reaction  zone.  Johansson,  Selberg  (Ref.  4) 
and  co-workers  (Ref.  5)  considered  some  of  these  effects  when  invest¬ 
igating  the  shock  initiation  of  NG  and  of  another  liquid,  nitric  acid- 
dini tro toluene.  Fig*  1  shows  the  events  13-4?  us  after  firing  the 
first  of  two  sparks  in  NG.  The  second  spark,  fired  10  us  after  the 
first,  produced  no  significant  acceleration  of  the  reaction  in  the  NG. 
The  radial  rate  of  gas  expansion  around  the  initial  discharge  dimin¬ 
ished  to  about  70  m./sec.  between  20  and  40  us  after  the  first  dis¬ 
charge.  The  two  cylindrical  objects  (0.6  cm.  x  1*3  cm.)  evident  on 
either  side  of  the  arcs  were  solid  rubber  supports  for  the  terminal 
wires  that  were  set  to  provide  a  gap  distance  of  0.01  cm. 

Exploding  Bridge  Wire  in  NG 

A  high  voltage  pulse  was  applied  to  a  resistance  bridge 
wire  that  was  immersed  in  NG.  The  wire  was  about  0*25  cm.  long  and 
0.005  cm.  in  diameter.  The  very  luminous,  high- temperature  reaction 
around  this  exploding  bridge  wire  also  proceeded  with  diminishing 
luminosity  and  rate  of  radial  expansion.  The  radial  expansion  rate 
was  about  60  m./sec.  after  35  ps,  and  about  22  m./sec.  after  200  ps. 

No.  8  Blasting  Cap  in  NG 

An  initiator  having  the  strength  of  a  No.  8  blasting  cap  is 
considered  an  adequate,  dependable  initiator  for  practically  all 
explosives  that  are  capable  of  propagating  a  stable  detonation  at 
diameters  up  to  about  one  inch.  The  heat  of  reaction  of  the  explos¬ 
ive  charge  in  the  cap  is  about  600  cal.  However,  in  the  absence  of 
adhering  bubbles  on  a  cap  immersed  in  NG,  usually  only  a  very  slow  or 
a  partial  reaction  of  the  NG  occurred. 

Fig.  2  shows  two  NG  cells  (2  in.  x  2  in.  x  3  in.,  inside 
dimensions;  glass  windows),  each  of  which  contained  a  No.  8  cap  hav¬ 
ing  a  transnarent  plastic  shell  instead  of  the  usual  metal  shell. 

Thus  the  luminosity  of  the  cap  reaction  was  evident  from  its  beginning* 
The  left  cell  contained  water,  the  right  one  NG.  A  delayed-action, 
destroying  pellet  for  the  NG  is  evident  outside  the  cell  at  the 
right.  The  third  picture  in  the  sequence  shows  similar  luminosity 
and  gas  expansion,  and  similar  shock  waves  in  the  two  liquids*  Thus 
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Fig.  Z  -  No.  8  plastic  shell  caps  fired  in  water  (left)  and  in 
NG  (right).  Stated  times  are  relative  to  the  start  of  cap 
expansion. 
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neither  a  high  velocity  detonation  nor  appreciable  deflagration 
started  in  the  NG*  The  fourth  photograph  shows  comparable  glass 
breakage  and  also  the  start  of  a  dark  rarefaction  cloud  below  the 
surface  of  both  liquids*  The  over-all  result  is  typical  of  that 
obtained  with  caps  having  the  standard  cap  shell  of  metal* 

The  effect  of  occluded  air  on  initiation  is  shown  in  Fig. 

3.  Fine,  aerated  powders,  (cork  dust  and  "Microballoons”*)  were 
secured  in  narrow  lines  on  opposite  sides  of  a  No.  8  cap  by  use  of  a 
thin  film  of  rubber  cement.  Luminous  detonation  at  about  7500  m./sec. 
started  very  suddenly  from  each  aerated  region. 

Although  not  illustrated  in  Figs.  2  and  3  a  hi^  velocity 
detonation  occasionally  started  suddenly  at  the  shock  front  about  0.3 
cm.  from  the  end  of  a  cap  having  a  conical  indented  end,  which  is 
standard  construction.  This  end-initiation  by  converging  shock  in¬ 
fluence  did  not  depend  on  the  presence  of  an  air  bubble  in  the  in¬ 
dentation.  The  tests  were  conducted  with  the  indented  end  of  the  cap 
up,  and,  as  usual,  the  adhering  bubbles  were  dislodged  with  a  wire 
probe. 

The  indented  end  of  a  No.  8  cap  (shell  of  commercial 
bronze)  is  the  source  of  a  high-velocity  metal  jet  if  a  cap  is 
detonated  in  air,  but  not  if  it  is  detonated  in  NG  without  a  bubble 
in  the  cavity.  A  cap  jet  in  air  having  a  characteristic  velocity  of 
2800-3500  m./sec.  may  be  shot  into  NG  from  a  distance  of  2.5  otfi. 
above  the  NG  surface  without  starting  a  high-velocity  detonation  dur¬ 
ing  a  penetration  exceeding  k  cm.  During  this  penetration,  the  jet 
hole  in  the  NG  typically  attained  a  diameter  of  0.7  cm.,  and  a  surface 
layer  of  NG  burned  to  a  depth  of  0.8  cm*  In  the  absence  of  a  delayed- 
action  destroying  pellet,  it  is  possible  that  in  some  tests  the  NG 
would  burn  partially  or  completely  without  detonating.  On  the  other 
hand,  a  cap  jet  caused  a  pulverulent,  aerated  dynamite  containing 
50^  NG  to  detonate  at  nearly  its  characteristic  velocity  (for  cart¬ 
ridges  of  1-1/4  in.  diameter)  within  5  us  after  jet  impact. 

The  third  picture  in  Fig.  4  shows  the  delayed,  luminous 
initiation  of  NG  at  high  velocity  by  a  No.  8  cap  that  was  centrally 
situated  within  the  cell.  In  this  experiment  the  cell  width  was  only 
7/8  in.  (front  to  back).  In  the  third  picture  the  faintly  visible 
shock  from  the  cap  (in  the  clear  NG)  has  a  velocity  of  1700  m./sec. 

The  initial  shock  velocity  at  the  cap  boundaiy  was  about  3500  m./sec. 
The  shock  front  in  this  NG  cell  was  followed  within  about  0.6  cm*  by 
a  dark  appearing  rarefaction  cloud,  in  which  the  luminous  detonation 
started  5*4  us  after  the  initial  cap  expansion.  The  gas  cloud  from 
the  cap  is  obscured  by  the  rarefaction  cloud  around  it.  The  start  of 
delayed,  high-velocity,  luminous  detonation  within  a  rarefaction 
cloud  prompted  further  investigation  of  this  phenomenon.  Additional 
interest  arose  because  the  hot  gas  cloud  was  sufficiently  transparent 
for  a  brief  interval  to  reveal  the  presence  of  the  non-luminous  gas 
cloud  from  the  cap.  Photographs  3  and  4  in  Fig.  4  also  show  the  sur¬ 
face  effect  of  hot  gas  projected  from  above  by  a  blasting  cap  having 
no  metal  end. 

Fig.  5  shows  a  single  picture  from  a  sequence  which  was 
♦Registered  trademark  for  hollow,  unicellular,  urea-formaldehyde 
plastic  spheres  of  Standard  Oil  Co.  of  Ohio 
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in  NG  cell  7/8  in*  thick, 
in.  above  the  NG  surface 
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similar  to  that  in  Fig.  4.  The  width  of  the  cell  in  Fig.  5  was  1/4 
inch  more  than  that  in  Fig.  4,  namely  1-1/8  in.  The  dark  rarefaction 
cloud  and  the  delayed  initiation  therein  again  occurred.  The  highly 
transparent  gas  cloud  from  the  detonation  of  NG  is  of  additional 
interest,  for  in  it  the  dark  gas  cloud  from  the  cap  and  also  the  cap 
wires  are  clearly  evident.  An  equally  transparent  gas  cloud  was  not 
consistently  reproducible.  Its  fomation  appeared  to  depend  on  the 
high-velocity  detonation  (at  about  8000  m./sec.)  of  preshocked  NG  in  a 
rectangular  cell,  containing  a  rarefaction  cloud. 

Initiation  of  NG  by  caps  under  other  physical  conditions  was 
then  investigated,  as  shown  in  Fig.  6.  Cylindrical  cells  of  NG  were 
immersed  in  water  to  modify  the  shock  reflections.  At  the  right  a 
single  cap  was  located  in  a  cylinder  of  NG  having  a  diameter  of  3/^  in. 
To  the  left  of  a  plywood  barrier  was  a  larger  cell  containing  two  caps 
3/8  in.  apart.  This  large  cell  had  a  diameter  of  3  in.  The  third 
picture  shows  the  absence  of  luminous,  high-velocity  detonation  58  us 
after  simultaneous  firing  of  the  three  caps.  However,  it  is  of 
interest  to  note  in  the  second  picture  that  a  faintly  luminous  region 
existed  temporarily  in  the  small  cylinder;  that  is,  in  the  rarefaction 
region  above  the  oval  gas  cloud  from  the  cap.  The  intersecting 
shocks  between  the  adjacent  caps  in  the  large  cell  did  not  initiate 
any  noticeable  reaction.  A  flat  rarefaction  cloud  is  evident  above 
the  two  caps  in  the  third  picture.  This  cloud  appeared  and  disap¬ 
peared  intermittently  during  the  picture  sequence. 

Shock  reflections  in  NG  were  essentially  eliminated  by  im¬ 
mersing  an  NG  cell  in  a  dense  salt  solution.  (The  solution  density 
was  1.34  at  25®C.  The  composition  was  as  follows:  NH^N03  -  33*05^, 
NaN03  -  23. 05^,  H2O  -  44.0^).  The  solution  was  contained  in  a  cubic 
tank,  10  in.  in  each  dimension.  Thus  the  effect  with  regard  to  shock 
reflections  was  essentially  that  of  shooting  a  cap  at  the  center  of  a 
10  in.  cube  of  NG,  except  that  the  ”Lucite”  base  of  the  cylinder 
produced  a  near-by  rarefaction  cloud.  The  diameter  of  the  cylinder 
containing  the  NG  was  3  in.  The  two  pictures  of  Fig.  7  reveal  a  slow, 
nonluminous  expansion  around  the  cap.  Cracks  in  the  glass  window  of 
the  tank  started  to  obscure  the  view  after  about  148  ps.  The  radial 
expansion  rate  was  accelerating  slowly  toward  the  end  of  the  observa¬ 
tion  period,  and  had  attained  440  m./sec.  after  148  ps. 

Because  NG  reacted  so  slowly  to  the  influence  of  a  blasting 
cap,  it  was  of  interest  to  know  the  effect  of  a  cap  in  a  nonexploslve 
liquid  having  comparable  density.  Fig.  8  shows  the  effect  of  No.  8 
caps  in  a  chlorinated  hydrocarbon,  ”Aroclor”*  No.  125^  (a  liquid  hav¬ 
ing  a  density  1.5^  at  25®C.).  The  two  cylinders  of  “Aroclor”,  1-1/4 
in.  and  3  in.  diameter,  were  immersed  in  water.  A  transient  rare¬ 
faction  cloud  was  formed  in  the  upper  portion  of  the  small  cylinder, 
but  not  in  the  large  one.  In  the  large  cell  the  reflected  rarefaction 
from  the  more  distant  wall  was  weak  and  thus  no  rarefaction  cloud 
was  formed.  The  gas  globe  around  the  cap  in  the  small  cylinder  was 
only  slightly  smaller  after  25  ps  than  the  globe  around  the  cap  in 
NG  shown  in  Fig.  5  (after  29  ps).  The  radial  rate  of  gas  expansion 
in  the  large  cylinder  of  ”Aroclor”  was  300  m./sec.  25  ps  after  the 
♦Registered  trademark  for  chlorinated  hydrocarbons  of  Monsanto 
Chemical  Co. 
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24  us 


Fig.  5  -  No.  8  cap  fired  in  NG 
cell  1-1/8  in. thick.  Open-end 
cap  fired  1-1/2  in.  above  the 
NG  surface. 


5H  us 

Fig.  6  -  No.  8  caps  fired  simultaneously  in  cylindrical 
NG  cells  that  were  immersed  in  water. 
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start  of  cap  expansion,  but  the  rate  was  diminishing* 

Pictures  not  shown  here  indicate  that  the  radial  rate  of 
gas  expansion  in  water-immersed  **Aroclor'*  diminished  to  almost  zero 
after  100  ps,  when  the  gas  globe  radius  was  2*6  cm*  After  the  same 
time  interval  a  cap  in  water-immersed  NG  caused  radial  gas  globe 
expansion  at  350  m*/sec*,  when  the  gas  globe  radius  was  4*3  cm*  The 
hot  gas  volume  in  NG  was  about  twice  that  in  "Aroclor”  after  50  ps, 
but  after  10  ps  the  volume  in  NG  was  five  times  that  in  **Aroclor**, 
indicating  that  a  small  amount  of  reacting  NG  added  its  effect  to  that 
of  the  cap* 

Intersecting  Shocks  from  Special  Large  Caps 

Intersecting  shock  conditions  tending  to  promote  delayed 
initiation  of  NG  are  shown  in  Fig*  9.  A  mirror  above  the  cell  permit¬ 
ted  photographing  a  downward  view  in  addition  to  the  direct  view* 

The  inside  length,  width,  and  depth  of  the  cell  were  4  in*,  3  in*, 
and  2-1/2  in*,  respectively*  The  two  special  caps  contained  14  gr* 
of  PETN  in  the  base  charge,  and  were  1/2  in*  in  diameter  to  provide 
an  approximately  symmetrical  charge*  The  second  cap  was  electrically 
fired  18  fis  after  the  first,  at  which  time  a  rarefaction  shock  from 
the  first  cap  was  reflected  from  the  upper  surface,  and  after  re¬ 
flected  rarefaction  shocks  had  collided  in  the  bisecting  plane  of  the 
lower  left  corner.  Delayed  initiation  of  the  NG,  29  ps  after  firing 
the  first  cap,  was  evident  in  the  lower  left  corner  of  the  cell, 
rather  than  at  the  cap  location,  indicating  that  this  rarefaction  zone 
was  more  favorable  for  the  development  of  the  deflagration  to  deto¬ 
nation  process*  The  mirror  view  of  a  luminous  crescent  between  the 
caps  indicates  the  possible  existence  of  a  second  initiation  center 
between  the  two  caps,  where  the  shock  from  the  second  cap  acted  on 
the  rarefaction  cloud  proceeding  downward  from  the  surface  above  the 
first  cap* 

Discussion 

The  application  of  different  types  of  intense  initiating 
influences  to  the  interior  of  essentially  unconfined,  bubble-free  NG 
gives  evidence  of  low  sensitivity  and  reluctant  build-up  of  defla¬ 
gration  to  detonation  in  a  liquid  explosive  that  has  been  used  suc¬ 
cessfully  as  a  sensitizer  for  many  dynamites,  but  generally  in  dis¬ 
persed,  aerated  form* 

The  reaction  started  in  NG  by  a  No*  8  blasting  cap  proceeds 
slowly  and  may  not  lead  to  detonation  of  the  sample,  as  indicated  on 
occasion  by  recovery  of  residual  material*  The  relatively  small 
amount  of  reaction  of  NG  caused  by  a  csp  in  50-100  ps  is  indicated 
approximately  by  the  difference  in  gas  vohme  in  comparison  with  the 
gas  volume  produced  by  a  similar  cap  in  “Aroclor”* 

A  rough  estimate  may  be  made  of  the  pressure  and  ten^Der- 
ature  in  the  NG  adjacent  to  the  strcng  shock  sources,  such  as  the 
No.  8  blasting  cap*  Extrapolation  of  time-distance  curves  for  shock 
travel  give  initial  velocities  of  3000-3500  m*/sec*  The  correspond- 

Note:  The  possibility  of  initiation  at  dust  spots  on  the  surface  of 
the  NG  was  eliminated  by  providing  a  thin  layer  of  Nujol  on  the  sur¬ 
face*  Undesirable  absorption  of  NG  by  the  wood  of  the  cell  was 
prevented  by  coating  the  inner  surface  with  shellac.) 


466 


Winning 


Figo  9  -  Delayed  initiation  of  NG.  Special  caps  contained 
14  gr.  PETN,  Stated  times  are  relative  to  the  firing  of 
the  first  cap. 
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ing  initial  movement  of  the  expanded  copper  cap  shells  is  not  always 
clearly  evident,  and  the  measurements  of  boundary  positions  are  not 
accurate  because  these  boundaries  were  viewed  through  shock  fronts 
that  initially  were  highly  curved.  A  material  velocity  of  600-800 
m,/sec.  corresponds  approximately  to  the  aforementioned  shock 
velocities.  Applying  the  relationship,  P  =  /"  Upi,  gives  an  initial 
shock  pressure  of  about  40,000  atmospheres.  (P  =  pressure,  = 
density,  U  =  shock  velocity,  p  =  particle  velocity).  The  associated 
transient  temperature  elevation  at  the  shock  front  may  be  estimated 
by  the  simplified  assumption  that  also  was  applied  by  Selberg  (Ref. 

Accordingly,,:!  =  where  C,  the  heat  capacity,  is  1.7  x  10^ 

ergs/g.  If  ju  =  8  X  10^  cm./s.,  then  /.T  =  192®C.  Since  the  ambient 
temperature  was  about  25®C.  the  peak  transient  temperature  was  217®C. 

The  failure  of  NG  to  develop  a  rapidly  accelerating  det¬ 
onation  when  exposed  to  a  highly  luminous  arc  discharge  or  to  a  high- 
velocity  cap  jet  (from  outside  the  NG)  is  evidence  of  rapid  energy 
dispersion  within  the  nitroglycerin.  The  energy  is  dispersed  mainly 
by  shock  waves  of  insxifficient  duration  and/or  temperature  to  produce 
initiation.  The  cap  jet  velocity  of  3500  m./sec.  is  much  higher  than 
the  bullet  velocity  of  1100  m./sec.  which  Zippermayr  found  inadequate 
for  the  initiation  of  NG  contained  in  a  synthetic,  rubber  bag.  He 
employed  a  steel  bullet  having  a  diameter  of  4.4  mm.  (Ref.  7). 

The  occurrence  of  delayed  initiation  in  an  opaque  rare¬ 
faction  zone  raises  questions  about  the  mechanism  of  the  event.  The 
creation  of  the  opaque  obscuring  region  can  be  delayed  in  increasing 
the  cell  dimension  in  the  direction  of  the  field  of  observation  and 
work  along  this  line  is  in  progress. 
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INTRODUCTION 


The  processes  involved  in  the  initiation  of  explosives  have  been 
the  subject  of  much  experimentation  and  theoretical  speculation,  and 
many  investigators  have  contributed  to  an  understanding  of  the  problem. 
An  excellent  review  of  recent  work  has  been  made  by  S.  J.  Jacobs.*' 

Of  particular  relevance  to  the  work  to  be  described  here  is  the  paper 
of  Hubbard  and  Johnson, (2)  who,  in  calculational  experiments,  have 
studied  shock  induced  thermal  explosion.  Their  calculations  agree 
very  well  with  the  conclusions  from  the  work  described  here. 

In  this  paper  experiments  are  described  which  show  that  nitro- 
methane  and  other  explosives  in  the  homogeneous  state  are  initiated  as 
a  result  of  shock  heating.  The  initiation  process  is  essentially  a 
thermal  explosion.  Before  describing  the  experiments,  some  of  which 
are  indirect,  the  general  sequence  of  events  which  take  place  in  the 
explosive  will  be  described  to  aid  in  understanding  the  purpose  of 
each  experiment. 

The  general  plan  was  to  study  the  behavior  of  explosive  when  sub¬ 
jected  to  a  smooth,  plane  shock  wave  of  constant  amplitude.  Plane 
wave  lenses (3)  were  combined  with  additional  high  explosive  and  inert 
shock-attenuator  plates  to  produce  a  shock  wave  of  the  desired  ampli¬ 
tude  in  the  test  explosive  (see  Fig.  l) .  The  behavior  of  the  test  ex¬ 
plosive  was  then  observed  before  the  intrusion  of  edge  effects  or  of 
reverberations  in  the  attenuator.  When  a  shock  wave,  strong  enough  to 
produce  detonation  within  a  few  microseconds,  is  generated  in  nitro- 
methane,  the  explosive  behind  the  shock  front  is  compressed  to  about 
5/8  of  its  original  volume  and  simultaneously  is  heated  to  a  high  tem¬ 
perature  estimated  to  be  ll40OK.  It  has  been  possible  to  calculate 
the  compression  by  impedance-matching  calculations,  and  also  meas¬ 
ure  the  compression  directly  with  fair  accuracy.  On  the  other  hand, 
it  has  not  been  possible  to  measure  the  shock  temperature;  instead, 

*  Work  done  under  auspices  of  the  U.  S.  Atomic  Energy  Commission. 
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the  temperature  has  been  calculated  by  approximate  methods . 

The  shock-heated  explosive  reacts  very  slowly  at  first,  but  the 
reaction  rate  accelerates  due  to  self -heating,  and  detonation  results. 
This  acceleration  of  the  reaction  rate  first  becomes  important  at  the 
attenuator -explosive  interface,  where  the  high  temperature  has  prevail 
ed  longest.  In  the  laboratory  frame  of  reference  the  resulting  deto¬ 
nation  wave  sweeps  forward  at  a  velocity  which  is  the  sum  of  the  par¬ 
ticle  velocity  behind  the  initial  shock  front  and  the  detonation  velo¬ 
city  of  compressed,  unreacted  explosive.  This  detonation  wave  over¬ 
takes  the  initial  shock  wave  and  temporarily  overdrives  detonation  in 
the  unshocked  explosive  ahead  of  it. 

The  conclusions  drawn  in  this  paper  are  based  on  more  than  300  se 
parate  experiments.  Because  not  all  of  them  can  be  presented  in  de¬ 
tail,  they  have  been  grouped  into  types  of  experiments.  Many  of  each 
type  have  been  done,  and  a  few  selected  ones  are  described  in  enough 
detail  for  the  reader  to  see  what  data  can  be  obtained  and  how  it  has 
been  used.  We  have  tried  to  furnish  enough  of  the  experimental  re¬ 
sults  to  provide  evidence  to  support  every  conclusion.  In  no  case 
does  a  conclusion  rest  upon  a  single  experiment,  although  in  several 
cases  only  one  experiment  is  described. 

Recording  Equipment 

The  equipment  used  in  the  experimental  work  described  in  this 
paper  included  a  smear  camera,  a  framing  camera,  and  raster  chrono¬ 
graphs.  The  smear  camera  had  a  maximum  writing  speed  of  9-2  mm/psec 
at  F/6  and  had  correction  for  the  elastic  distortion  of  the  rotating 
mirror. (^)  In  the  space  direction  the  maximimi  resolution  amounted  to 
400  line  pairs.  The  time  resolution  was  5  x  10*9  sec. 

The  framing  camera  was  capable  of  15-frame  sequence  with  a  mini¬ 
mum  exposure  time  of  2  x  10”*^  sec  and  a  time  interval  between  frames 
of  2.5  X  10 sec.  Resolution  was  300  line  pairs  vertically  and  200 
line  pairs  horizontally.  Maximum  aperture  was  F/20. 

The  electronic  chronographs  and  techniques  for  using  them  are  de¬ 
scribed  elsewhere .' 5 /  Maximum  time  coverage  per  chronograph  was 
about  150  psec  with  a  standard  error  per  transit-time  reading  of  about 
3  X  10"9  sec . 

Type  I  Experiment:  External  Velocity  Profile 

In  the  experiments  designated  as  Type  I  a  smear  camera  was  used 
to  record  the  progress  of  the  Initial  shock  wave  in  the  explosive 
under  study  and  to  observe  the  transition  to  high-order  detonation. 

The  charge  arrangement  is  diagrammed  in  Fig.  1. 

A  shock  wave  of  appropriate  amplitude  was  sent  into  a  nitrometh- 
ane  charge  from  the  booster-attenuator  system.  The  nitromethane  was 
illuminated  from  behind  by  an  argon  flash  for  a  shadowgraph  picture . 
The  smear  camera  recorded  the  vertical  progress  of  this  shock  wave  and 
of  the  ensuing  detonation  wave  over  a  distance  as  shown  by  the  scale 
in  Fig.  2.  After  the  detonation  wave  left  the  field  of  view  of  the 
camera  it  passed  into  a  5*^^”^:^  diam  tube  in  which  the  steady-state 
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"stick"  velocity  was  measured  by  the  pin  technique(5)  with  the  electro¬ 
nic  chronographs. 


Fig.  1.  Charge  setup  for  nitromethane  velocity  profile  ex¬ 
periment.  Shot  D-.5772.  The  camera  optic  axis  was 
parallel  to  and  about  2  cm  about  the  dural  atten¬ 
uator  plate.  The  nitromethane  was  backlit  by  an 
argon  flash  charge. 

In  Fig,  2  are  displayed  both  the  field  of  view  of  the  smear 
camera  and  a  space-time  record  of  the  initiation  process.  It  should 
be  pointed  out  that  the  optic  axis  of  the  camera  obviously  could  not 
be  arranged  to  be  tangent  to  the  shock  wave  throughout  its  travel. 

The  optic  axis  was  aligned  parallel  to  the  bottom  of  the  nitromethane 
box  and  at  a  distance  above  it  coinciding  with  the  anticipated  shock 
transition  point.  This  geometrical  compromise  contributed  a  maximum 
error  of  2$  to  the  observed  velocities. 

The  results  of  two  shots  are  listed  in  Table  I.  These  shots  were 
chosen  because  only  in  these  two  were  steady-state  stick  velocities  ob¬ 
tained  in  addition  to  the  plane-wave  velocities  of  the  initial  shock 
and  of  the  detonation  wave  immediately  after  the  transition.  Unfor¬ 
tunately,  the  shock  waves  from  these  booster -attenuator  systems  were 
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not  sufficiently  uniform  for  accurate  measurements  and  the  plane-wave 
velocities  in  Table  I  are  low.  Best  estimates  of  these  velocities 
from  additional  experiments  are  entered  at  the  bottom  of  the  table. 


Fig.  2.  Left  half  of  picture  shows  camera  view  of  scale 
mounted  in  nitrome thane  box  shown  in  Fig.  1  with 
slit  image  superimposed  as  a  white  line.  Right 
half  of  picture  is  the  smear  camera  record  from 
the  charge  of  Fig.  1.  Time  increases  to  the  right. 

The  lighting  is  such  that  the  lower  record  is  a 
shadowgraph,  and  shows  the  shock  front  as  a  bright 
line.  The  shock  moves  up  at  constant  or  slightly 
decreasing  velocity  from  the  bottom.  At  about 
21  imn  from  the  bottom,  the  detonation  wave  over¬ 
takes  the  shock,  as  evidenced  by  the  sudden 
change  in  velocity.  The  detonation  in  the  com¬ 
pressed  nltromethane  can  not  be  seen  in  this 
picture.  This  picture  can  be  compared  directly 
with  Fig.  3^  Lines  III  and  VI. 

A  booster-attenuator  system  of  the  type  used  for  these  experi¬ 
ments  was  fired  to  determine  the  velocity  of  the  free  surface  of  the 
attenuator  plate.  A  knowledge  of  the  equation  of  state  of  the  plate 
and  the  shock  velocity  in  the  nltromethane  allows  a  determination  of 
the  pressure  and  the  particle  velocity  in  the  nltromethane,  using 
standard  impedance  matching  methods. (^7)  The  pressure  was  determined 
to  be  8l  kbar,  and  the  particle  velocity  1.6  mm/psec,  with  an  accura¬ 
cy  of  about  5>.  As  will  be  shown  later,  the  induction  time  is  a  very 
sensitive  function  of  the  shock  pressure,  and  since  the  range  of  in¬ 
duction  times  over  which  it  is  possible  to  work  is  limited,  the  pres¬ 
sure  in  all  experiments  is  about  the  same. 
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TABLE  I 

External  Velocity  Data  For  Nitromethane 


Shot 

Number 

initial 

Shock 

Velocity 

(mm/usec) 

Detonation 

Velocity 

(mm/usec) 

Stick  Velocities 

Pin 

Numbers  (mm/usec) 

D-5772 

^.33 

6.57 

1-5 

6.24 

2-6 

6.36 

3-7 

6.24 

4-8 

6.22 

D-5773 

k.24 

6.85 

1-5 

6.24 

2-6 

6.25 

3-7 

6.26 

4-8 

— 

AVE 

.  6.26 

(1^.50)* 

(6.90)* 

*  Best  estimates  from  camera  records  of  other  shots. 
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The  camera  records  of  the  initiation  process  show  three  interest¬ 
ing  features.  The  initial  shock  wave  proceeds  at  a  constant  or 
slightly  decaying  velocity,  indicating  that  it  is  essentially  a  non¬ 
reactive  wave;  the  transition  is  very  abrupt,  which  we  have  found  to 
be  characteristic  of  homogeneous  explosives;  and  the  detonation  ve¬ 
locity  immediately  after  the  transition  shows  an  overshoot  of  about 
lOio,  decreasing  in  a  few  microseconds  to  the  normal  detonation  velocity. 

The  presence  of  overshoot  can  be  demonstrated  with  the  use  of  the 
average  stick  velocity  as  follows.  From  the  work  of  Campbell,  Malin, 
and  Holland(6)  we  find  the  stick  velocity  of  nitromethane  to  be  given 
by  the  following  equations, 

at  91.3°F  D  =  6.2125  -  0.00517  (l/d)  (l) 

at  22.5^  D  =  6.37^5  -  0.01705  (l/d)  (2) 

where  D  is  the  detonation  velocity  in  mm/usec  and  d  is  the  explosive 
diameter  in  centimeters  (confined  in  glass  tubes).  A  linear  interpo¬ 
lation  is  made  to  obtain  an  expression  for  the  velocity  at  70%,  the 
temperature  of  the  nitromethane  in  the  experiments  discussed  here. 

at  70°F  D  =  6,2627  -  0.00885  (l/<i)  (3) 

From  (3)  the  velocity  for  a  stick  of  5-08-cm  dxam  is  found  to  be  6.25 
mm/psec.  This  value  is  compared  with  the  average  stick  velocity  in 
Table  I,  and  the  difference  is  added  to  the  constant  term  of  (3)  to 
obtain  a  corrected  estimate  of  the  plane-wave  detonation  velocity  for 
the  lot  of  nitromethane  used  in  the  experiments  discussed  here.  Com¬ 
parison  of  this  estimate  (6.27  mm/ysec)  with  the  best  estimate  for  the 
overdriven  velocity  entered  in  Table  I  (6.9O  mm/yisec)  reveals  the 
overshoot  to  be  O.63  mm/psec,  or  approximately  10^. 
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Type  II  Experiment:  Internal  Velocity  Measurements 

Given  the  results  of  the  Type  I  experiments,  the  next  problem  was 
to  locate  the  origin  of  the  high-order  detonation  wave.  This  was  done 
in  Type  II  experiments. 

It  was  assumed  that  the  chemical  reaction  accompanying  detonation 
could  best  be  identified  by  observing  the  change  in  electrical  resis¬ 
tivity  accompanying  it.  To  this  end  nitromethane  could  be  prepared 
with  a  resistivity  up  to  5  megohm-cm.  In  contrast,  the  reaction  zone 
of  the  high-order  detonation  in  this  explosive  was  known  to  be  quite 
conducting. 

After  several  preliminary  experiments  had  been  carried  out  using 
a  pin  technique,  it  became  apparent  that  high-order  detonation  origi¬ 
nated  at  the  attenuator-explosive  interface.  The  general  sequence  of 
events  is  as  shown  in  Fig.  3,  Curve  I  represents  the  shock  v«ve  in 
the  attenuator  moving  tovrard  the  attenuator-explosive  interface,  A- 
long  II,  the  interface  moves  to  the  right  with  local  particle  velocity 
while  a  rather  non-reactive  shock  wave  precedes  it  along  III.  High- 
order  detonation  originates  at  the  interface  and  follows  Curve  IV  to 
the  transition  point,  V,  where  it  overtakes  the  initial  shock  wave  and 
passes  into  the  unshocked  explosive,  proceeding  along  VI. 


Fig,  3.  Sequence  of  events  in  the  initiation  of  a  homoge¬ 
neous  explosive. 

Because  it  was  very  difficult  to  obtain  sufficiently  uniform  in¬ 
itiation  over  a  sufficiently  large  area,  a  detailed  pin  record  of  the 
events  in  a  single  shot,  as  diagrammed  in  Fig,  3,  was  not  attempted, 
(a  camera  record  of  these  events  is  given  in  the  section  on  Type  IV 
Experiments  below.)  Instead,  the  pin  technique  was  employed  to  meas¬ 
ure  the  particle  velocity  Up  and  the  detonation  velocity  D*  in  the 
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compressed  nitromethane  behind  the  initial  shock  wave  • 

In  Fig*  4  is  shown  the  experimental  arrangement.  The  plastic  at 


a  Pint 
b  Pint 

Nitromethona 
1/2  mil  Aluminum  Foil 
Plastic  Attenuator 
70  mils  Steel 
Nitromethane  Booster 


8  Plane  Wave  Lens 
Detonotor 


Fig*  4*  Charge  arrangement  for- Type  II  experiments.  Six¬ 
teen  a  pins  were  arranged  in  a  1-in.  diam  circle 
at  distances  alternately  10  mils  and  160  mils  from 
the  aluminum  foil.  Sixteen  b  pins  were  arranged 
in  a  5/8-in.  diara  circle,  half  of  them  at  315  mils 
and  the  other  half  at  750  mils  standoff* 

the  plastic-explosive  interface  was  coated  with  a  -g-mil  (5  x  10“^  in*) 
aluminum  foil  as  a  ground  electrode*  Eight  pairs  of  pins  were  ar¬ 
ranged  above  the  interface  in  a  1-in.  circle  to  yield  eight  measures 
of  the  interface  velocity,  Curve  II  of  Fig*  3.  Eight  additional  pairs 
of  pins  were  arranged  in  a  5/8-in.  diam  circle  to  yield  eight  measures 
of  the  detonation  velocity.  Curve  IV  of  Fig*  3* 

The  pins  were  designed  so  as  to  minimize  pin  drift  in  the  sur¬ 
rounding  mass  flow*  The  first  16  pins  were  made  of  3-mil  diam  tung¬ 
sten  wire,  and  the  second  16  were  made  of  15-mil  wire  with  the  ends 
tapered  1  in  4.  The  tapered  section  was  terminated  with  a  flat  sur¬ 
face  5  mils  in  diameter  to  facilitate  measurement  of  the  pin  location 
relative  to  the  plastic-explosive  interface. 

The  apparent  values  obtained  in  an  experiment  of  this  type  are 
listed  in  Table  II*  These  values  are  in  error  by  an  unknown  amount 
because  of  drift  of  the  pins  in  the  mass  flow  of  the  surrounding  ex¬ 
plosive.  This  drift  causes  the  observed  values  of  the  particle  ve¬ 
locity  to  be  lower  than  the  true  one  and  causes  the  detonation  veloc¬ 
ity  values  to  be  too  high* 

A  first-order  correction  to  the  apparent  values  of  Up  and  D*  can 
be  made  as  follows*  Referring  to  the  schematic  drawing.  Fig*  5,  Pins 
1,  2  sense  the  motion  of  the  plastic-explosive  interface;  high-order 
detonation  occurs  in  Interval  c;  Pins  17,  18  sense  the  motion  of  the 
detonation  wave;  and  the  detonation  wave  overtakes  the  initial  shock 


476 


Campbells  Davis,  Travis 


TABLE  II 

Internal  Velocity  Data  for  Nitromethane 
Shot  Number  E-0374 


Pin 

Numbers 

Apparent 

Particle 

Velocity 

(mm/^ec) 

Pin 

Numbers 

Apparent 

Detonation 

Velocity 

D* 

(mnv/jisec) 

1-2 

1,356 

17-18 

12,644 

3-4 

1.438 

19-20 

12.835 

5-6 

1,256 

21-22 

10.894 

7-8 

1.177 

23-24 

10.257 

9-10 

1.286 

25-26 

10.455 

11-12 

1.286 

27-28 

10.330 

13-14 

— 

29-30 

— 

15-16 

1.351 

AVE.  1.307 

31-32 

9.779 

AVE,  11,027 
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wave  beyond  Interval  do  The  following  symbols  are  defined? 

W  Pin  drift  velocity,, 

Up  Interface  velocityo 

Detonation  velocity  in  compressed  nitromethaneo 
b  Distance  between  Pins  1^  2s,  measured  normal  to  interface^ 
d  Distance  betvjeen  Pins  17^  ISj,  nomal  to  interfaces 

tj  Time  between  signals  from  Pins  1,  2o 

t2  Time  between  signals  from  Pins  ITj  18o 

The  assumption  is  made  that  the  pins  drift  at  constant  velocity^ 
Wp  after  contact  by  the  initial  shock  waveo  The  further  assumption  is 
made  that  the  velocity  of  the  initial  shock  wave  is  4o5  mm/jisec  (see 
Table  l)o  The  following  relation  then  holds p 

Uptl  =  b  -  W  +  Wti  (4) 

where  W  is  the  distance  Pin  1  drifts  during  the  time  required  for 
the  initial  shock  wave  to  traverse  the  Interval  bo  Wtj_  is  the  dis^ 
tance  Pin  2  drifts  during  the  time  required  for  the  interface  to  move 
from  the  tip  of  Pin  1  to  the  tip  of  Pin  2o  A  similar  relation  holds 
for  the  motion  of  the  high^order  detonation  waveo 

=  d  -  ^  W  Wt2  (5) 

It  is  assumed  that  the  detonation  velocity^  D'^,  is  equal  to  the 
detonation  velocity  of  uncompressed  nitromethane  (rounded  to  6o30 
mm/psec)  plus  an  increment  due  to  the  density  increase  behind  the  ini° 
tial  shock  wave  plus  the  local  particle  velocity? 

D*  =  6o30  H!-  3o20  {  P Pq)  +  00  (6) 

where  the  velocity  dependence  on  density  is  taken  to  be  3o20  mm/psec 
g/ccP°>  and /Oq  and  pare  the  initial  (lol25  g/cc)  and  final  densitiesp 
respectivelyp  of  the  nitromethaneo  Since 

“  Ug'-Up  ^0 

D--  =  6„30  t  3o20  y^O  Up  (8) 

In  solving  Equations  4^  5^  8  simultaneous ly^  the  value  of  b/t|  is 
taken  to  be  lo30  (Table  II )  and  d/t2  is  taken  to  be  IloO  mm/pseCo  The 
following  results  are  then  obtained s 

W  =  0o56  mm/}i.sec 

Up  =  lo70  mm/fisec 
=  10ol9  mra/fisec 
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From  the  expression. 


P=/bUpUs,  (9) 

the  pressure  behind  the  initial  shock  wave  can  be  calculated®  Taking 
the  value  of  1.70  mm/iJsec  for  Up  and  4.5  mm/psec  for  Ug  the  pressure 
is  found  to  be  86  kb. 

The  approximation  made  in  Equation  (6)  is  not  justified  by  any 
simple  theory.  There  must  be  additional  velocity  changes  from  the 
change  in  pressure  and  the  change  in  initial  internal  energy.  These 
will  be  of  opposite  sign  and  may  cancel,  but  they  cannot  be  shown  to 
be  small  by  any  method  yet  found.  The  calculation  is  included  because 
it  seems  to  agree  so  well  with  the  results  of  the  pressure  measure¬ 
ments  described  for  the  Type  I  experiments.  It  would  also  be  possible 
to  estimate  the  pin  drift  velocity  and  arrive  at  about  the  same  re¬ 
sult,  because  the  corrections  to  the  pin  data  are  small.  The  fact 
that  the  detonation  velocity  in  the  compressed  explosive  can  be  found 
by  making  only  the  density  correction  and  using  the  coefficient  found 
from  experiments  performed  by  varying  the  initial  temperature  at  am¬ 
bient  pressure  is  interesting,  but  has  not  yet  been  related  to  the 
theory.  The  detonation  velocity  in  compressed  liquid  TNT  can  also  be 
closely  approximated  by  making  a  similar  density  correction. 
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Type  III  Experiment-  Observation  of  Detonation  Light 

For  nitromethane  and  other  transparent  explosives ;  clarification 
of  initiation  behavior  can  be  obtained  by  viewing  a  test  charge  normal 
to  the  shock  wave  and  photographing  the  light  generated  by  the  charge 
itself o  The  charge  setup  is  shown  in  Fig.  6. 
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Figo  60  Charge  setup  for  Type  III  Experiments,  Shot  E-O609 

The  smear  camera  record  obtained  for  nitromethane  initiated  by 
the  attenuator -booster  system  of  Fig,  6,  is  shown  in  Fig.  7,  At  time 
F;  the  initial  shock  wave  entered  the  nitromethane  as  indicated  by  the 
flash  of  light  from  a  bubble  mounted  on  the  attenuator  surface »  A  de^ 
tonation  spread  from  this  bubble  (see  Experiment  VIII  for  discussion 
of  effects  of  bubbles).  At  time  A;  detonation  appeared  across  h  in, of 
the  attenuator  surface;  simultaneous  within  O.O8  usee.  This  weak 
light  comes  from  detonation  in  the  nitromethane  which  has  been  com- 
pressed  by  the  initial  shock.  This  detonation  overtakes  the  shock, 
giving  a  sharp  increase  in  intensity  on  the  film  at  time  B  which  soon 
decays  to  the  intensity  of  steady-state  detonation. 

Better  measurement  of  U  and  D*  can  be  made  from  records  of  this 
type  than  from  Type  II  experiments  in  which  it  is  necessary  to  assume 

constant  pin  drift  velocity. 

The  distance  d  at  which  the  detonation  D^  overtakes  the  shock  can 
be  computed  along  two  paths  as  can  be  seen  in  Fig.  8,  Equating  the 
expressions  so  obtained  gives  a  relation  between  the  velocities.  Up, 

Jg,  and  D^'^.  Thus 


d  =  Us  ti  =  Up  (tp  -  tg 

his  equation  can  he  solved  for  D*  by  substituting  into  it  the  meas- 
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Fiff.  7.  Smear  camera  record  of  detonation  light  from  nitro- 
methane  charge  of  Fig.  6.  Shot  E-0609-  Time  in¬ 
creases  to  the  right. 

F:  The  flash  of  a  huhble  marks  the  time  of  entry 
of  the  shock  wave  into  the  nitromethane . 

A;  Detonation  initiates  at  the  attenuator -nitro¬ 
methane  interface . 

B:  Time  at  which  the  detonation  in  the  compressed 
nitromethane  overtakes  the  shock  wave. 

The  times  used  in  the  text  are  defined  as  follows: 
t3_  =  B  .  F 
tg  =  B  -  A 

t*  -  A  -  F  =  induction  time 

area  values  of  U  Up,  tp  and  tg.  The  free-surface  velocity  of  one 
booster -attenuator  system  was  measured,  and  the  impedance  match  tech- 
liaue  gave  U=,  =  4.5  mm/usec  and  Up  =  1.6  mm/)isec  as  described  in  the 
section  on  Type  I  Experiments.  These  values  correspond  to  a  press^e 
of  8l  kbar.  These  values  will  be  assumed  to  be  identical  in  all  t  e 
experiments,  because  the  pressure  changes  from  one  experiment  to  an¬ 
other  are  only  about  5^-  The  values  of  tp  and  t2  from  several  ex¬ 
periments,  and  the  calculated  values  of  are  given  in  Table  III, 
^Colvmm  4.  The  four  shots  for  which  data  are  given  in  the  table 
those  which  illustrate  this  paper,  and  averages  are  presented  for 
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another  series  of  shots o 


Figo  8»  Space “time  representation  of  initiation  behavior 
of  nitromethane .  The  initial  shock  enters  the 
nitromethane  at  time  0, 

Ug  =  Shock  velocity 

Up  =  Particle  velocity 

Dq  =  Detonation  velocity,  steady-state 

D^  =  Detonation  velocity  in  compressed  nitrO“ 
methane 

t^  =  Induction  time 

It  is  instructive  to  compare  the  results  obtained  for  D^  with  the 
solutions  to  Equation  (9)  obtained  by  substituting  from  Equation  (8) 
to  eliminate  Equation  (9)  may  then  be  solved  for  Up,  giving 

Up  =  Ug  -  |(Do  -(XPo)t  -  /[Ug  _  i(DQ  .oyOQ)t]^-5-Us  Dot  -  Ug^)  ^ 

^  4 10) 

where  t  =  ^0  normal  detonation  velocity,  and  is  the 

velocity  dependence  on  density  used  in  Equation  (6)«  For  the  same 
values  used  in  Experiment  II, 

Up  =  4,5  -  I.35t  -  (l6,2t4l.82t^)i  (11) 

The  assvunptions  made  in  this  analysis  are  that  initiation  occurs  at 
the  nitromethane -attenuator  interface,  that  D*  is  adequately  repre¬ 
sented  hy  Equation  (8),  and  that  both  D*  and  Ug  are  constant.  The  re¬ 
sults  are  given  in  Columns  6,  7>  and  8  of  Table  III. 

The  light  from  the  detonation  in  the  compressed  nitromethane  is 
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weaker  than  that  from  the  normal  steady-state  detonation.  The  differ¬ 
ence  in  brightness  corresponds  to  a  temperattire  difference  of  about 
180°K  between  two  black  bodies  of  brightnesses  equal  to  those  of  the 
two  detonations.  We  interpret  this  brightness  difference  to  mean  that 
the  detonation  in  compressed  nitromethane  has  a  lower  temperattire  than 
detonation  in  normal  explosive.  Little  of  the  light  from  the  former 
explosive  is  absorbed  by  the  nitromethane  behind  the  shock  front,  since 
its  intensity  remains  constant  as  the  detonation  approaches  the  shock 
wave. 

It  is  important  in  these  shots  that  the  initial  shock  wave  be 
plane  and  smooth.  Although  the  time  of  arrival  of  the  shock  which 
entered  the  nitromethane  of  Fig.  7  was  the  same  at  every  point  within 
0.01  psec,  some  fuzziness  in  the  initiation  is  apparent.  This  is  due 
to  gmaii  pressure  variations  across  the  wave  front.  Several  points 
detonated  0.1  usee  before  the  rest  and  a  strong  interaction  is  visible 
where  the  shock  was  overtaken  by  the  by  the  detonation.  Further  dis¬ 
cussion  of  this  point  is  included  in  Type  VII  experiments. 

TABLE  III 

Results  of  Detonation  Light  Observations 


Shot 

Humber 

ti 

(nsec) 

t2 

(nsec) 

D*  (a) 
(mm/nsec) 

t 

Up 

(inm/>isec) 

D*  (b) 
(mm/nsec) 

P 

(kb) 

E-0609 

1.07 

0.37 

9.99 

0.346 

1.62 

9.95 

82 

D-6207 

1.22 

0.4l 

10.25 

0.336 

1.67 

10.10 

85 

2.94 

1.00 

10.14 

0.340 

1.65 

10.03 

84 

E-05T7 

4.53 

1.39 

11.08 

0.306 

1.82 

10.57 

92 

E-0634 

1.07 

0.36 

10.16 

0.339 

1.65 

10.05 

84 

1.61 

0.53 

10.50 

0.326 

1.72 

10.25 

87 

Averages  of  13 
Mean  Deviations 

shots: 

10.44 
±  0.50 

0.328 

*0.020 

1.71 

±0.10 

10.22 
*  0.30 

86.6 
*  5.0 

(a)  Calculated  assuming  Ug  =  4.5  mm/psec,  Up  =  1.6  nim/psec,  and 
P  =  8l  kbar. 

(b)  Calculated  assuming  Equation  (8). 
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Type  IV  Experiments  “ 

Smear  Camera  Record  of  Complete  Initiation  Process 

Each  of  the  thi^ee  preceding  types  of  experiments  was  aimed  at  ob¬ 
taining  information  about  some  part  of  the  initiation  process.  The 
combined  experimental  results  gave  a  pictiure  of  events  as  diagrammed 
in  Figo  8o  When  this  stage  of  the  investigation  had  been  reached  it 
was  felt  to  be  desirable  to  obtain  a  single  record  showing  all  of  the 
events  in  their  proper  relationship.  For  this  purpose  the  charge 
arrangement  shown  in  Fig.  9  was  designed. 
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Fig.  9.  Charge  arrangement  for  Type  IV  Experiments. 

A  scale  was  inserted  in  the  nitrome thane  to  be  studied  to  aid  in 
recording  the  progress  of  the  various  waves.  This  scale  was  designed 
to  have  as  little  mass  as  possible  so  as  to  minimize  its  effect  on 
the  initiation  process.  It  was  made  of  two  sheets  of  mica^  each  less 
than  1-mil  thick.  One  face  of  one  sheet  was  finely  ground  so  as  to 
make  it  a  good  scatterer  of  light.  Then  a  scale  was  formed  on  the 
■surface  by  depositing  evaporated  aluminum  through  a  grid^  leaving 
narrow  xmcoated  lines  as  graduations.  Finally^  the  coated  surface  was 
cemented  to  the  second  sheet  of  mica  with  Canada  balsam.  This  filled 
the  scratches,  leaving  the  graduations  transparent.  The  distance  from 
the  bottom  of  the  scale  to  the  first  line  was  l/8  in.j  the  distance 
between  lines  was  l/4  in. 

The  scale  was  illiominated  with  light  from  an  argon  shock  lights 

IMclassified 
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source  using  a  plastic  Fresnel  lens  to  image  the  source  on  the  subject 
After  the  light  left  the  Fresnel  lens,  it  passed  by  successive  reflec¬ 
tion  from  the  front  surface  of  the  plastic  attenuator,  to  the  scale, 
to  a  small  mirror  before  the  Fresnel  lens  and,  finally,  to  the  object¬ 
ive  lens  of  the  smear  camera. 


Fig.  10.  Smear  camera  record  of  Type  IV  Experiment 


Figure  10  shows  the  smear  camera  record  from  such  a  shot,  and 
Fis,  11  is  a  diagrammatic  interpretation  of  the  record.  The  e^la- 
nation  is  as  follows.  At  Time  1  the  argon  light  source  began  to  illu. 
minate  the  scale,  the  graduations  producing  the  Lines  a,  h,  c,  At 
Time  2  the  attenuated  shock  wave  entered  the  nitromethane  and  pro¬ 
ceeded  up  the  scale  as  shown  by  Line  A.  Line  B  shows  the  motion  of 
the  attenuator -explosive  interface,  and  just  above  it  is  a  ine  orm- 
ed  by  the  motion  of  Graduation  a  and  a  second  line  due  to  a  flaw  in 

At  Time  3  initiation  occurred  at  the  plastic -nitromethane  inter 
face,  and  argon  shock  light  was  no  longer  reflected  from  the  plastic 
to  the  scale.  Consequently,  the  scale  appeared  less  bright  and  deto¬ 
nation  light  was  recorded  through  the  transparent  Graduation  d.  High 
order  detonation  in  the  compressed  nitromethane  followed  the  Line  C. 
The  intersection  of  Lines  C  and  B  shows  that  initiation  occurred  at 

the  plastic -nitromethane  interface.  _ 

The  intersection  of  Lines  C  and  D  is  the  point  on  the  scale  at 
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Fig.  11.  Explanatory  diagram  of  Fig,  10.  Time  2-3  is  in¬ 
duction  time, 

which  the  detonation  wave  in  the  shocked  nitromethane  overtook  the 
initial  shock  wave.  Detonation  in  unshocked  nitromethane  then  pro¬ 
ceeded  along  Line  D-,  Along  Line  E  the  initiation  of  detonation  at  the 
attenuator-explosive  interface  spread  to  points  progressively  farther 
from  the  charge  axis,  and  along  Line  F  the  detonation  wave  overtook 
the  initial  shock  wave,  the  departure  from  verticality  (simultaneity) 
showing  that  the  latter  wave  was  not  flat. 
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Type  V  Experiment.  Dependence  of  Induction  Time  on  Initial  Temperature 


The  time  between  the  entrance  of  the  initial  shock  and  initia¬ 
tion,  the  induction  time,  should  be  strongly  dependent  on  the  initial 
temperature  of  the  nitromethane.  A  series  of  Type  III  experiments  was 
performed  in  which  the  initial  temperature  of  the  nitromethane  was 
varied  from  l.S^C  to  450C.  The  same  booster-attenuator  system,  shown 
in  Fig.  6,  was  used  for  all  shots.  Since  the  pressure  of  the  initial 
shock  wave  was  dependent  on  the  density,  a  small  correction  should  be 
made  for  the  change  of  density  with  temperature.  The  booster- 
attenuator  system  was  kept  at  25°C  for  all  shots.  The  nitromethane 
in  a  plastic  box  was  controlled  at  the  desired  shot  temperature  to 
within  1®C,  then  mounted  on  the  attenuator  a  few  minutes  before  fir¬ 
ing,  The  temperature  at  several  points  in  the  nitromethane  was  moni¬ 
tored  with  thermocouples  throughout  the  experiment.  Results  of  sever¬ 
al  shots  with  different  lots  of  nitromethane  are  given  below. 

TABLE  IV 

Results  of  Induction  Time  vs  Initial  Temperature  Experiments 


Shot 

Number 

Temperature 

(°C) 

Induction  Time 
(psec) 

Lot  1 

E-0590 

1,7 

5.0 

E-0588 

26.8 

1.8 

Lot  2 

E-0602 

6.3 

1.5 

E-0603 

36.7 

0.57 

E-0598 

45,5 

0.45 

These  results  illustrate  the  strong  dependence  on  the  ambient 
temperature.  About  lOJ^  decrease  (30ok)  in  the  ambient  temperature 
produces  an  increase  of  300/^  in  the  induction  time.  The  two  lots  of 
nitromethane  came  from  different  bottles  from  the  same  supplier.  The 
effects  of  sensitizing  and  desensitizing  agents  are  large.  For  any 
quantitative  measurement  of  induction  time  it  is  necessary  that  all 
the  nitromethane  come  from  the  same  bottle  and  be  used  within  a  few 
days. 


Type  VI  Experiment.  Dependence  of  the  Induction 
Time  on  the  Initial  Shock  Pressure 

In  performing  the  experiments  already  described,  it  soon  was  dis¬ 
covered  that  the  induction  time  depended  strongly  on  the  initial  shock 
pressure,  and  close  control  of  the  booster-attenuator  system  was  nec- 


487 


Campbell p  Davis ^  Travis 


essary  to  get  reproducible  results® 

To  measure  this  dependence  a  shot  was  made  following  the  pattern 
of  Type  III  experiments©  A  step  was  machined  into  the  upper  surface 
of  the  attenuator  so  that  one  half  was  in©  thicker  than  the  other© 
This  resulted  in  pressures  into  the  nitromethane  on  either  side  of  the 
step  which  differed  by  3o3%o  This  pressure  difference  was  determined 
on  a  replicate  booster^attenuator  system  by  optical  measurements  of 
the  shock  and  free-^^surface  velocities  of  the  plastic  and  by  subsequent 
impedance'-matching  calculations©  As  can  be  seen  from  the  data  in 
Table  the  inductions  times  differed  by  26%o  This  result  was  sup== 
ported  by  additional  experiments©  These  data  may  be  interpolated  to 
show  that  a  I0“>mil  change  in  the  thickness  of  the  plastic  attenuator 
produces  a  1%  change  in  the  induction  time© 

TABLE  V 

Results  of  Induction  Time  ^  Shock  Pressure  Experiments 
Shot  Numbers  B-44855>  B«4488 


Attenuator  Thickness 

P 

(inches  of  plastic) 

(kb) 

(psec) 

lo20 

86 

2o26 

0o95 

89 

1<,74 

Type  VII  Experiment©  Effect  of  Rough  Initiating  Shock  Wave 

The  variations  in  induction  time  observed  across  the  attenuator 
plate  of  every  shot  fired  indicated  that  very  small  pressure  varia« 
tions  caused  large  effects©  The  plastics  used  in  most  shots  were  of 
optical  quality^  because  the  standard  quality  showed  more  pronounced 
variations©  These  facts  suggested  that  variations  in  the  attenuator 
caused  tiny  shock  wave  interactions  in  the  liquid  nitromethane 5  with 
consequent  formation  of  small  local  hot  spots©  The  experiments  to  be 
described  were  designed  to  discover  how  much  the  induction  time  would 
be  shortened  by  interactions  of  controlled  size  purposely  introduced© 

These  shots  were  identical  with  those  of  Type  III  experiments p 
except  that  grooves  were  ruled  in  one  half  of  each  Plexiglas  attenu<- 
ator  plate©  In  the  shot  illustrated  in  Fig©  12^  the  grooves ^  of  tri¬ 
angular  cross  section^  were  20  mils  deep  and  spaced  25  mils  apart  so 
that  the  tops  were  sharp©  The  Plexiglas  was  coated  with  a  thin  layer 
of  paint  to  prevent  attack  by  the  nitromethane©  The  two  induction 
timesp  lo9  and  OoS  pseCp  are  strikingly  different©  The  smallest 
grooves  triedp  6  mils  deep  and  8  mils  apartp  still  caused  a  decrease 
in  the  induction  tlme^  but  only  by  15^©  The  shock  impedance  of  the 
Plexiglas  and  the  nitromethane  are  so  close  together  that  the  ampli¬ 
tude  of  the  ripples  in  the  emergent  shock  is  only  as  large  as  the 
grooves  themselves©  It  is  easy  to  see  that  if  the  wave  emerging  from 
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Fig«»  12.  Smear  camera  record  of  effect  of  rough  shock  wave 

on  induction  time® 

F:  Shock  enters  nitromethane. 

As  Detonation  is  initiated  in  compressed  nitro- 
methane  at  interface  between  nitromethane  and 
grooved  attenuator  plate® 

Bs  D*  overtakes  shock® 

C;  Detonation  is  initiated  at  interface  of  nitro- 
methane  and  smooth  attenuator  plate. 

Ds  D'^^  overtakes  shock® 

Induction  time,  t^%  Over  grooved  plate  A  -  F® 

Over  grooved  plate  C  -  A® 

Shot  D-6207. 

the  attenuator  is  not  almost  perfect,  the  induction  time  will  be  arti¬ 
ficially  shortened®  It  is  apparently  impossible  to  be  sure  that  any 
of  these  experiments  gives  the  induction  time  corresponding  to  a  per¬ 
fectly  plane  shock  wave® 

Type  VIII  Experiment®  Effect  of  Bubbles 

In  the  description  of  Type  III  experiments  it  has  been  pointed 
out  that  a  gas  bubble  can  cause  initiation  as  soon  as  the  shock  hits 
it.  The  experiments  to  be  described  here  v;ere  performed  to  investi¬ 
gate  initiation  by  bubbles  of  various  gases.  In  the  course  of  the 
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investigationp  knowledge  of  the  effects  of  shock  wave  interactions 
suggested  that  the  major  effect  of  the  bubble  was  to  produce  a  shock 
interactioDo  Thereforep  "bubbles”  of  solids  were  also  introducedo 

The  experiments  were  done  exactly  as  those  of  Type  IIIp  with  the 
gas  bubbles  on  the  surface  of  the  attenuator  plate o  It  was  found  that 
a  very  small  amount  of  silicone  vacuum  grease  on  the  plastic  plate 
would  hold  the  bubbles  in  place  under  the  surface  of  the  nitromethaneo 

Bubbles p  formed  by  forcing  gas  through  a  capillary  into  nitrome^ 
thane p  were  caught  under  clean  glass o  Because  the  contact  angle  be- 
tween  the  nitromethane  and  glass  was  zerop  the  trapped  bubbles  were 
spherical 9  The  diameter  of  each  bubble  was  measured  and  each  bubble 
was  transferred  under  nitromethane  to  the  shot  boxo  In  position  on 
the  attenuator  plate p  the  shape  of  the  bubble  was  no  longer  spherical o 
Hereafterp  the  diameter  measure  is  used  to  mean  a  bubble  having  the 
volume  of  a  sphere  of  that  diametero 

Several  kinds  of  initiation  behaviorj  for  a  shock  of  given 
strengthp  result  from  the  presence  of  a  bubble  in  nitromethaneo  If 
the  bubble  is  sufficiently  large p  in  the  order  of  0*7  mm  in  diameter p 
detonation  will  spread  almost  immediately  from  it  after  it  is  shocked o 
Smaller  bubbles p  in  the  order  of  0o4  mmp  cause  some  reaction  to  take 
place  in  the  nitromethanep  but  detonation  occurs  at  or  near  the  shock 
front  after  it  has  run  a  distance  dependent  on  bubble  size  and  the  in” 
itiating  conditions o  From  still  smaller  bubbles p  initiation  will  not 
occur  on  our  time  scale,  although  the  bubble  may  glow  for  several  mi- 
crosecondSo  Figure  13  shows  these  three  cases  for  argon  bubbles 
mounted  in  nitromethane® 

To  determine  whether  shock  heating  of  the  gas,  or  heating  of  the 
explosive  in  a  local  region  due  to  the  pressure  interaction  at  the 
bubble  is  the  more  important  cause  of  this  initiation  behavior,  bub° 
bies  of  gases  with  different  v’s  were  introduced®  Argon  (Y=  lo67) 
and  butane  (Y  =  Id)  should  be  heated  to  quite  different  temperatures 
when  shocked®  The  argon  bubbles  caused  initiation  in  a  slightly 
smaller  time  than  butane  bubbles  of  the  same  diameter,  but  the  effect 
was  much  less  than  would  be  expected  from  the  anticipated  large  tern” 
perature  difference®  To  show  conclusively  that  the  pressure  intern- 
action  is  the  effective  cause,  small  pieces  of  plastic  and  tungsten, 
as  well  as  bubbles,  were  introduced  into  nitromethane®  Both  of  these, 
although  raised  to  a  relatively  low  temperature  by  the  shock  wave, 
caused  initiation  with  close  to  the  same  induction  time  as  the  bub” 
blesp  as  can  be  seen  in  Fig®  14®  Most  of  the  apparent  delay  occurs 
because  the  plastic  and  tungsten  extended  farther  into  the  nitrome=- 
thane  than  the  bubbles® 
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Smear  camera  record  of  bubbles  in  nitromethane 
Time  increases  to  right® 

Argon  bubbles s  1®  3/4  mm  diam® 

2®  1/2  mm  diam® 

3®  1  mm  diam® 


Shot  E-0577 


§ 


iSt'Fi 

^1 


Smear  camera  record  of  initiation  of  nitromethane 
by  pressure  interactions «  Time  increases  to  the 
righto 

Fs  Shock  enters  nitromethane o 

As  Detonation  is  initiated  at  attenuator-nitro« 
methane  interfaceo 
Bs  Detonation  overtakes  shocko 
Is  Air-filled  hole  in  attenuator^  1-mm  diam^ 
l/2”mm  deep  covered  with  l/2-mil  Mylar© 

2o  Tungsten  rodj^  l^mm  diam^,  2“*l/2“mm  long  (l‘”3/4 
extension  into  nitromethane)© 

3a o  Air  bubble© 

3bo  Argon  bubble j,  0o8«mm  diamo 
4o  Plastic 5  approximately  l^mm  diam© 

The  lower  part  of  the  picture  shows  delayed  ini“ 
tiationj  probably  due  to  a  defect  in  the  plastic 
attenuator© 

Shot  E«0634o 
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Type  IX  Experiment©  Other  Explosives 

The  results  described  thus  far  were  obtained  with  nitromethane© 

To  be  sure  they  were  not  unique  to  nitromethane,  twenty^five  experi¬ 
ments  9  chiefly  of  Types  I  and  III 9  were  done  with  other  liquids 9  name- 
ly,  molten  DINA9  molten  TNT,  and  Dithekite  13  (63/24/13  HNO39  nitro¬ 
benzene  9  H2O).  One  striking  difference  appeared©  The  weak  light  from 
the  detonation  in  the  shocked  liquid  was  not  observed  for  any  of  these© 
All  three  are  yellow  but  transparent  enough  to  transmit  enough  light 
from  a  source  as  bright  as  the  detonation  in  compressed  nitromethane 
to  be  photographed©  Otherwise^  the  behavior  was  the  same  as  for  nitro¬ 
methane©  The  overshoot  brightness  which  quickly  decreased  to  steady- 
state  intensity  was  observed©  Bubbles  produced  the  same  effects  as  in 
nitromethane©  We  believe  that  the  same  mechanisms  are  active  in  these 
explosives  as  in  nitromethane  but  the  detonation  behind  the  initial 
shock  has  an  even  lower  temperature  than  was  found  for  nitromethane© 

Finally,  the  initiation  of  single  crystals  of  PETN  has  been  found 
to  occur  exactly  as  does  initiation  of  nitromethane©  The  experiments 
are  described  in  Reference  7©  The  smear  camera  record  reproduced 
there,  similar  to  Fig©  2,  can  be  interpreted  in  the  same  way  as  are 
Type  I  experiments  here© 

Preliminary  information  about  three  of  these  explosives  is  listed 
in  Table  VI©  The  values  are  approximate© 

TABLE  VI 

Initiation  Data  for  Other  Explosives 


Explosive 

p 

(kb) 

T 

(°c) 

t* 

(lisec) 

D* 

(mm/|isec) 

TNT 

125 

85 

0.7 

11.0 

Dithekite  13 

85 

25 

1.8 

12.2 

PETN 

112 

25 

0.3 

10.9 

DISCUSS 

ION  OF 

RESULTS 

Many  authors  have  considered  thermal  explosion  theory  to  be  im¬ 
portant  in  explaining  the  process  of  initiation© U )  Among  these  the 
recent  treatment  by  Hubbard  and  Johnson (2)  is  perhaps  the  most  perti¬ 
nent  here©  They  developed  a  theory  for  a  semi-infinite  homogeneous 
explosive,  and  from  calculations  observed  the  general  behavior  which 
we  have  observed  independently  in  experiments©  They  found  that  when 
an  element  of  explosive  had  been  subjected  to  a  shock  wave  of  the  pro¬ 
per  strength,  a  time  interval,  referred  to  as  a  "time  delay"  or  an 
"induction  time",  ensued  in  which  almost  no  chemical  reaction  took 
place©  Then  complete  reaction  occurred  in  a  relatively  very  short 
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tim©s  and  this  reaction  then  moved  forward  as  a  detonation  waveo 

Unfortunatelyj  Hubbard  and  Johnson  attempted  to  4gl?ly  their  theo- 
ry  to  the  experimental  results  of  Majowicz  and  Jacobs for  physical- 
ly  inhomogeneous  explosives 3  where  the  initiation  mechanism  was  quite 
differento^^)  The  theory  is  more  suitably  applied  to  the  process  of 
initiation  in  nitromethanSo  In  what  follov/Sj  the  attempt  will  be  made 
to  follow  the  notation  and  treatment  of  Hubbard  and  Johnson® 

The  assumption  is  made  that  the  reaction  in  nitromethane  follows 
an  Arrhenius  rate  law  containing  the  term  exp  E^RT,  where  is  the 

activation  energy^  R  is  the  gas  constant^  and  T  is  the  local  tempera¬ 
ture®  The  substitution  is  made  for  T, 

T  =  (Eo/Cv)  +  (Qf/Cv)  (1) 

where  Eg  is  the  specific  internal  ene^sgy  behind  the  initial  shock 
wavep  Q  is  the  heat  of  explosion  per  gramp  f  is  the  fraction  of  unit 
mass  reactedp  and  Cy  is  the  average  specific  heat  at  constant  volume® 
The  following  expression  is  ultimately  obtained  for  the  reaction  times 

pf 

t  =  2/“^  (1  -  f®)"^  exp[VEo  +  (2) 

Jo 

where  t  is  the  induction  timep  is  the  "collision  frequency'%  N  is 
the  order  of  the  reaction,  and  €  =  CvEa/R®  Since  most  of  the  reaction 
time  is  due  to  values  f  —  0,  the  integral  becomes 

t  =  l/"^(Eo/Cv)^(q/Cv)”^(SA/R)”^  exp  |(EA/R)(Eo/Cy)"^^  (3) 

The  values  in  parentheses  correspond  to  temperatures® 

Eq/Cv  =  To  (^a) 

Q/Cy  =  Tf  (4b) 

Ea/R  =  Ta  (4c) 

Here^  Tq  is  the  temperature  behind  the  initiating  shocks  Tf  is  the  tem<“ 
perature  of  the  reaction  products  5  and  is  the  activation  tempers'^ 
tureo  In  Equation  (4b)  Cy  is  the  average  specific  heat  of  the  reac-» 
tion  products and  the  value  is  taken  to  be  the  same  as  that  for  the 
unreacted  explosiveo  Equation  (3)  may  then  be  rewritten  in  the  form 

t  =  To^(TfTA)”^  exp  Ta/Tq  (5) 


We  nov/  wish  to  calculate  a  value  of  t  using  the  following  experi¬ 
mental  data  for  nitromethane o 
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V 

• 

10l^*Vsec 

Ref.  10 

Ea 

• 

53,600  cal/g 

Ref.  10 

Us 

• 

4.5  mm/nsec 

• 

* 

1,70  mm/psec 

P 

• 

• 

86  kbar 

h 

• 

# 

1.125  o/cc 

Ref.  11 

Q 

• 

• 

1.28  kcal/g 

Ref.  12 

Cv 

• 

• 

0.41  cal/g/®C 

Ref.  13 

The  value  of  Tq  is  computed  from  the  follov/ing  two  relations. 


and 

AE  =  -g-  pAv 

(6) 

Tq  =  300  +  a  E/Cy 

(7) 

where  AE  is  the 

increase  in  internal  energy 

across  the  initiating 

shock.  AH  was 

found  to  be  345  cal/g  giving 

the  result 

To  =  1140OK 

(8) 

Tf  corresponds  to  the  temperature  of  the  reaction  products  in  the 
detonation  v/ave  in  the  compressed  nitromethane®  Estimated  from  Q/C^ 
the  value  of  Tf  is  found  to  be  4260®K6  (This  value  may  be  compared 
with  the  value  of  3200OK  obtained  by  W®  C*  Davis from  photographic 
brightness  measurements®)  Inserting  appropriate  values  in  Equation 
(4c) 


Ta  =  27,000ok  (9) 

Substitution  of  these  temperature  values  in  Equation  (5)  gives 

t  =  0®6  jisec  (lO) 

This  value  of  t  is  in  good  agreement  vuth  our  experimental  observa¬ 
tions  v/hen  due  regard  is  given  to  the  uncertainties  in  the  numerical 
values  used  in  the  calculation®  These  very  crude  calculations  can  be 
used  only  as  order-of-magnitude  confirmation.  The  agreement  is  no 
doubt  in  large  part  fortuitous,  because  the  thermochemical  numbers  may 
change  as  the  pressure  is  increased. 

A  similar  calculation  for  the  PETN  data,  using  the  measured  ther¬ 
mochemical  data  of  Robertson (^^/  or  of  Cook  and  Abegg(^^'  shows  rea~ 
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sonable  agreemento  The  two  sets  of  data  give  values  which  bracket  our 
experimental  values o 

An  estimate  of  the  sensitivity  of  the  induction  time  to  variation 
of  the  temperature  behind  the  initial  shock  wave  is  obtained  from 
Equation  (5)  by  taking  logarithms  and  differentiating 


di  =  2  ^  ^ 

t  Tq  Tq  Tq 


(11) 


Substituting  the  values  calculated  above  for  and  Tq  and  collecting 
terms  gives 


dt 

t 


=  =■  21®7 


dT 


0 


(12) 


Equation  (12)  shows  that  for  a  change  in  the  initial  shock  temperature 
of  2^,  or  llo40Ks  in  the  calculation  leading  to  Equation  (I0)j  the  red¬ 
action  time  is  changed  by  21o7?o  or  0ol3  psec.  This  agrees  with  the 
experimentally  observed  sensitivity  of  the  induction  time  to  initial 
shock  strength  found  in  Type  VI  experiments,  although  the  sensitivity 
is  expressed  in  terms  of  temperature  rather  than  pressure o 

The  extreme  sensitivity  of  the  induction  time  to  changes  in  the 
initial  shock  temperature  is  characteristic  of  homogeneous  explosives 
and  is  responsible  for  the  extreme  difficulty  found  in  obtaining  ex“ 
perimentally  reproducible  induction  times <>  Intrusion  of  strong  rare"* 
factions,  as  Hubbard  and  Johnson’s  calculations  showed,  lowered  the 
local  temperature  and  stopped  chemical  reaction,,  It  was  this  effect 
of  rarefaction  from  the  charge  boundaries  and  in  the  Taylor  wave  from 
the  booster  system  which  forced  the  use  of  the  large-diameter  charges 
described  in  this  paper,  and  which  prevented  even  then  the  study  of 
initiation  involving  induction  times  of  more  than  a  few  microseconds « 
Local  increases  in  the  shock  temperature  can  also  be  effected  by 
reflecting  the  mass  flow  from  inclusions  of  higher  shock  impedance 
than  nitromethane,  or  by  causing  local  convergences  in  the  mass  flow, 
which  result  in  increased  compressional  heating  of  the  explosiveo  If 
these  local  increases  in  temperature  are  great  enough,  reaction  will 
take  placeo  The  results  of  this  reaction  may  be  to  hasten  the  onset 
of  detonation  throughout  the  shocked  explosive,  as  in  the  Type  VII  ex¬ 
periments,  or  if  a  single  defect  is  large  enough,  the  result  may  be 
the  onset  of  detonation  over  a  very  small  area,  as  shown  by  the  Type 
VIII  experiments o  It  follows  that  the  stronger  the  initial  shock  wave 
the  more  easily  can  chemical  reaction  be  effected  at  hot  spots „ 

These  experiments  have  presented  severe  problems  of  technique, 
not  all  of  which  have  been  solved  satis factorilyo  The  quantitative 
measurements  for  use  in  an  accurate  comparison  with  thermochemical 
calculations  can  not  yet  be  made^  The  explosive  varies  enough  from 
batch  to  batch,  even  with  the  most  careful  purification,  that  one  can¬ 
not  specify  the  explosive  properlyo  Even  though  one  may  determine  an 
activation  energy  and  "frequency"  factor,  one  does  not  know  to  what 
explosive  they  belongo  The  shock  waves  used  were  not  flat-topped 
pressure  pulses,  having  been  generated  from  detonation  waves  with 
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drooping  Taylor  waves  even  when  very  large  charges  were  used.  The 
sensitivity  of  the  initiation  to  small  shock  wave  interactions  has 
been  demonstrated,  but  it  has  not  yet  been  possible  to  demonstrate 
that  the  attenuator  plates  do  not  have  small  inhomogeneities  which  are 
present  in  all  experiments.  These,  if  they  are  present,  do  not  affect 
the  qualitative  conclusions,  but  they  might  invalidate  quantitative 
results.  All  of  these  difficulties  must  be  overcome  before  quantita¬ 
tive  measurements  can  be  presented  as  dependable. 

The  qualitative  results  are,  however,  completely  unambiguous. 

The  experiments  show  clearly  a  thermal  explosion  resulting  from  shock 
heating.  Excellent  agreement  with  the  simple  theory  is  demonstrated. 
The  details  of  the  process  have  all  been  examined.  The  experiments 
also  show  that  small  shock-wave  interactions  have  large  effects  on  the 
initiation  process.  These  interaction  experiments  give  a  very  useful 
insight  into  the  differences  between  the  initiation  of  homogeneous  ex¬ 
plosives  and  the  more  complicated  problem  of  the  initiation  of  inhomo¬ 
geneous  explosives,  because  they  provide  some  view  of  the  common 
ground  between  the  two. 
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INTRCDUCIION 


In  this  paper  we  shall  describe  an  experimental  investigation  of 
the  initiation  of  inhomogeneous  solid  explosives  by  strong,  plane 
shock  waves,  with  high-order  detonation  taking  place  in  less  than  10 
pseCo  The  initiation  process  is  observed  to  be  very  complicated,  and 
still  is  not  understood  in  details  A  previous  paper (l)  has  discussed 
the  initiation  of  liquid  and  other  homogeneous  explosives,  which  show 
a  behavior  much  different  from  that  of  solid  inhomogeneous  explosives® 
There  has  been  much  experimentation  on  the  initiation  of  solid 
explosives,  and  recent  papers  are  well  reviewed  elsewheree No 
attempt  will  be  made  in  this  paper  to  review  the  published  work  on  the 
subject®  The  work  of  Majowicz  and  Jacobs'^'  is  especially  pertinent, 
because  their  experiments  are  similar  to  ours,  and  their  observations 
agree  with  ours  in  many  respects® 

The  conclusions  of  this  paper  are  based  on  more  than  200  separate 
experiments,  and  not  all  of  them  can  be  described  or  even  discussed 
here®  A  selected  few  of  the  experiments  are  described  to  provide  evi¬ 
dence  in  support  of  the  conclusions  drawn®  No  conclusion  is  based  on 
an  isolated  result,  although  in  some  cases  only  one  result  is  present¬ 
ed  here®  . 

Experiments^^'  v;ith  liquids  and  other  homogeneous  explosives  have 
shown  that  initiation  results  from  shock  heating  of  the  liquid,  and 
that  the  simple  ideas  of  thermal  explosion  explain  all  of  the  phenom¬ 
ena  adequately  if  the  shock  wave  is  plane  and  smooth®  If  the  shock 
wave  is  uneven,  regions  of  convergent  flov/  exist,  and  the  local  in¬ 
crease  in  compression  results  in  ®*hot  spots**  which,  because  of  the 
strong  dependence  of  the  reaction  rate  on  the  temperature,  strongly 
influence  initiation® 

In  polycrystalline  explosives,  the  shock  wave  is  rough  with  lo¬ 
cal  convergences  caused  by  the  inhomogeneous  nature  of  the  explosive® 

*  Work  done  under  the  auspices  of  the  U®  S©  Atomic  Energy  Commission© 
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Smear  camera  photographs  show  that  the  detonation  wave  front  in  press“ 
ed  or  cast  explosive  is  roughs  indicating  that  the  flow  is  irregular 
in  its  fine  details  Reaction  takes  place  in  these  very  small  regions 
of  convergence  distributed  throughout  the  explosives  and  makes  a  major 
contribution  to  initiationo  Initiation  thus  depends  strongly  on  the 
type,  numbers  and  distribution  of  the  inhomogeneities  which  cause  the 
shock  interactions o 

The  techniques  employedp  which  have  evolved  in  the  course  of  the 
v/orkp  are  sometimes  elaborate  and  difficult®  The  descriptions  of  the 
experiments  have  been  grouped  as  types  of  experiments p  and  often  the 
grouping  is  according  to  technique  rather  than  scientific  purpose®  To 
help  the  reader  to  understand  why  some  of  the  experiments  were  donep  a 
brief  description  of  the  initiation  behavior  of  solid  explosivesp  as 
shown  by  these  experiments p  is  presented  here  without  any  evidence  or 
detail® 

When  the  shock  wave  enters  the  explosive p  it  proceeds  at  a  slowly- 
increasing  velocity  for  a  distance  which  is  a  function  of  the  shock 
pressure®  Then  the  velocity  increases  in  a  short  but  measurable  time 
to  the  value  associated  with  high-order  detonation®  The  velocity 
transition  is  not  abrupt  as  it  is  in  the  case  of  liquidSp  nor  is  there 
any  strong  overshoot  in  the  detonation  velocity  after  the  transitionp 
again  in  contrast  to  the  behavior  of  liquids®  Retonation  (detonation 
backwards  through  the  partially-reacted  explosive)  has  not  been  ob- 
servedp  although  retonation  in  small  diameter  sticks  has  been  report¬ 
ed  by  Cook(^)  and  others® 

The  initial  pressure  of  the  shock  wave  in  the  explosive  under 

study  has  been  determined  by  the  use  of  a  method  which  is  not  com¬ 
pletely  satis factory p  but  which  is  the  only  method  available  at  pre¬ 
sent®  In  the  experiments  described  in  this  papery  the  shock  wave  en¬ 

ters  the  explosive  from  a  booster-attenuator  systemp  which  has  an  in¬ 
ert  (usually  metal)  plate  in  contact  with  the  explosive®  The  assump¬ 
tion  is  made  that  the  pressure  and  particle  velocity  are  the  same  on 
both  sides  of  the  attenuator-explosive  interfacep  the  usual  boundary 
conditions  when  dealing  with  shock  waves  in  inert  materials®  Because 
we  are  studying  initiationp  which  cannot  be  a  steady  statep  these 
boundary  conditions  cannot  be  exactly  correct®  The  free-surface  ve¬ 
locity  of  the  attenuator  is  measured  and  the  approximation  is  made 
that  the  particle  velocityp  Up^p  is  equal  to  one-half  the  free-s^face 
velocity®  Other  experimental  data  include  the  initial  densityp  ^gp 
and  the  initial  shock  velocityp  Usgp  in  the  explosive®  Assuming  that 
the  shock  Hugoniot  of  the  attenuator  material  is  knownp  the  free- 
surface  velocity  measurement  permits  the  evaluation  of  the  shock  pres¬ 
sure  p  P/^p  and  the  particle  velocityp  Upy^p  in  the  attenuator®  The  pres¬ 
sures  Pgp  and  the  particle  velocityp  Upgp  in  the  explosive  are  then 
found  by  determining  the  intersection  of  the  attenuator  rarefaction 
locus p  approximated  by  reflecting  the  attenuator  Hugoniot  about  the 
line  Up^  =  constantp  and  the  locus  for  the  state  of  the  explosivep 
given  by  the  conservation  of  momentum  relation 

Pe/UsE  =  ^  UPE  o 
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This  process  is  illustrated  in  Fig®  1«  For  a  more  detailed  discus¬ 
sion  of  the  method  of  calculation,  see,  for  example.  Reference  8« 

When  the  shocked  material  is  an  explosive,  the  equation 
Pe  =  ^PE  holds  for  a  steady  state  detonation,  but  the  process 

of  initiation  cannot  be  regarded  as  a  steady  state.  In  the  experi¬ 
ments  to  be  described,  the  explosive  reacts  to  some  small  extent  imme¬ 
diately  behind  the  shock  front,  and  the  extent  of  reaction  increases 
as  the  shock  wave  proceeds.  In  the  region  near  the  explosive-metal 
interface  where  only  a  small  part  of  the  explosive  reacts,  the  above 
expression  for  the  pressure  will  hold  with  sufficient  accuracy  to  be 
useful.  Throughout  this  paper  values  of  the  pressure  in  the  explosive 
will  be  understood  to  include  some  error  from  this  source® 


Fig.  1.  Graphic  method  of  obtaining  shock  pressure  and  par¬ 
ticle  velocity  in  under-initiated  explosive. 


EXPERIMENTAL 


Type  I  Experiments  Wedge  Technique  with  Smear-Camera  Records 


The  solid  explosives  studied  here  are  not  transparent  and  must 
therefore  be  studied  by  observing  a  free  surface,  if  camera  tech¬ 
niques  are  to  be  used.  An  explosive  booster-attenuator  system  used 
to  send  a  shock  wave  into  the  explosive  to  be  studied  is  shown  in 
Fig.  2.  The  latter  explosive  is  in  the  form  of  a  wedge,  so  that  pro¬ 
gress  of  the  shock  or  detonation  wave  can  be  seen  as  motion  along  the 
slant  face.  This  motion  can  be  observed  best  if  the  slant  face  has 
been  covered  with  a  thin  (0.00025  in.)  film  of  aluminized  Mylar  plas¬ 
tic^®'  and  illuminated  with  an  intense  light  source.  The  alignment 
is  such  as  to  reflect  the  light  from  the  plastic  film  to  the  camera. 
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Figo  2o  Charge  arrangement  for  Type  I  experiments o 


As  the  shock  wave  proceeds  along  the  slant  facey  the  mass  motion  of 
the  explosive  causes  a  tilt  of  the  reflecting  surface  so  that  the 
light  is  no  longer  reflected  to  the  camerao  This  arrangement  gives  a 
sharp  cut“off  of  light  and  a  well-defined  recordo  The  smear  camera  is 
aligned  along  a  line  of  steepest  descent  of  the  wedge  and  is  focussed 
on  the  slant  face® 

Figure  3  shows  a  smear  camera  record y  which  is  just  a  space<=tiBie 
ploty  obtained  with  this  techniquey  and  Fig®  4  shows  the  interpreta- 
tion®  The  velocity  of  the  shock  wave  is  obtained  from  the  slope  of 
the  space“time  plot®  The  free<=surface  velocity  of  the  attenuator 
plate  is  measured  with  electrical  contactors  spaced  above  the  plate p 
or  with  camera  techniques  applied  to  a  duplicate  booster-attenuator 
system®  Using  the  method  described  in  the  Introduction  the  pressure 
and  particle  velocity  behind  the  initial  shock  in  the  explosive  can  be 
estimated® 

The  results  of  the  analysis  of  the  record  reproduced  in  Fig®  3 
are  given  here  as  an  example  of  the  information  obtainable  from  ex= 
periments  of  this  type®  The  explosive  wedge  was  made  of  eyclotol 
(65/35  RDI/TOT)  with  an  initial  densityp^gp  of  lo7i  g/cc  and  a  base 
angle  of  the  wedge  of  36®  25'’® 
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Fig®  3®  Smear  camera  record  of  the  Cyclotol  (65/35  RDX/TNT) 
wedge  shown  in  Fig®  2®  Light  reflected  from  the 
slant  face  of  the  wedge  is  cut  off  as  the  shock  wave 
moves  up  the  wedge®  Two  straight  lines  have  been 
added  for  ease  in  visualizing  the  curvature  of  the 
space-time  plot®  Time  increases  to  the  rightj  the 
toe  of  the  wedge  is  at  the  bottom®  Space  scale 
applies  to  the  slant  face®  Shot  D-6082® 


Fig®  4®  Interpretation  of  smear  camera  record  of  Fig®  3® 

This  figure  is  a  tracing  of  the  camera  record® 

A  space-time  plot  was  made  of  the  smear^camera  record  by  dividing 
the  space  dimension  into  61  equal  parts,  as  shown  in  Fig®  4,  and  read¬ 
ing  the  corresponding  time  values®  After  converting  the  space  values 
to  distance  of  shock  travel  in  the  wedge,  polynomials  of  first,  second 
and  third  degree  v/ere  fitted  to  the  first  14  points  and  to  the  last 
45  points,  thus  omitting  the  region  of  the  greatest  curvature®  It  was 
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found  for  the  initial  shock  that  the  second^degree  polynomial  gave  a 
better  fit  than  either  the  first"  or  third^degree  polynomials o  For^ 
the  portion  of  the  curve  above  the  transition  to  high-order  detonation 
a  second"degree  equation  also  gave  the  best  fito  In  the  latter  fitp 
although  the  quadratic  coefficient  was  statistically  significant^  its 
magnitude  indicated  that  it  could  have  resulted  from  imperfections  in 
the  booster  wave*  The  equations  obtained  for  the  smear  camera  record 
shown  in  Figo  3  were  the  followings 

Initial  Shock  X  =  0,1198  +  3,5334t  +  0,2452t2 

(0,0263)  (0,0406)  (0,0134) 

High”order  Detonation  X  =  "  9,152  +  79521t  *{■  0,0457t^ 

(0,169)  (0,0665)  (0,0062) 

where  the  standard  deviation  of  each  parameter  is  shown  in  parenthe¬ 
ses,  The  units  of  Xp  the  space  coordinate  taken  perpendicular  to  the 
wave  front j  are  mmp  and  the  units  of  tp  the  time  coordinates  are  jisec. 
The  constant  teitns  have  no  significance,  but  both  equations  have  the 
same  origin.  For  the  initial  shock  equations  the  coefficient  of  the 
linear  term  is  the  initial  velocity,  and  the  coefficient  of  the  quad¬ 
ratic  term  is  the  acceleration.  The  high-order  detonation  begins  at 
about  2,8  psecp  and  the  velocity  at  that  time  is,  from  the  equations 
7780  m/sec e  The  high-orderp  steady-statOp  plane  detonation  wave  ve¬ 
locity  for  this  explosive  is  8000  ±  20  in/sec.  The  difference  is  not 
significants  as  it  may  be  due  to  small  imperfections  in  the  wave. 

The  significant  value  of  the  quadratic  term  in  the  polynomials 
for  the  initial  shock  indicates  a  steady  acceleration  of  the  shock 
wave.  No  significant  indication  of  overshoot  was  obtained  by  fitting 
higher-order  polynomials  to  the  high-order  detonation  region.  Analyt¬ 
ical  fits  to  the  data  in  the  region  of  maximum  curvature  do  hot  reveal 
any  departures  from  a  smooth  acceleration  of  the  shock  prior  to  the 
onset  of  high“order  detonation.  It  should  be  noted  that  all  results 
obtained  with  this  technique  assume  that  the  shock  wave  comes  through 
the  attenuator  simultaneously  over  the  region  covered  by  the  wedge  to 
be  studiedp  and  that  the  pressure  profile  is  identical  at  each  point 
over  the  same  area.  Tests  of  the  booster  systems  used  justify  these 
assumptions, 

A  very  large  number  of  experiments  of  this  type  have  been  done 
using  the  cyclotol  mentionedp  both  pressed  and  castp  pressed  TNT  of 
various  grain  sires  and  densities p  plastic-bonded  HMXp  and  plastic- 
bonded  RDX,  All  of  these  experiments  have  shown  the  same  qualitative 
behaviorp  and  with  good  explosive  the  quantitative  results  are  repro¬ 
ducible. 


Type  II  Experiments  Wedge  Technique  with  Framing  Camera  Records 


Framing  camera  photographs  often  give  qualitative  information  in 
a  more  rapidly  assimilated  form  than  do  smear  camera  photographs. 
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The  accuracy  of  measurements  from  framing  camera  pictures  is  usually 
not  very  good,  but  the  photograph  can  be  easily  understood «  Figure  5 
shows  a  series  of  frames  of  a  wedge  of  the  same  type  as  described  in 
Experiment  !•  The  wedge  is  immersed  in  a  saturated  aqueous  solution 
of  zinc  chloride  (/^=  1.9  g/cc),  which  is  a  fairly  good  impedance 
match  to  the  explosive  (65/35  RDX/TNT)  of  the  wedge.  The  shock  pres“ 
sure  in  the  solution  supports  the  wedge  at  the  sides  and  along  the 
slant  face  so  that  the  wedge  holds  together  throughout  the  entire  in¬ 
terval  covered  by  the  framing  sequence. 

In  the  first  5  frames  the  shock  can  be  seen  moving  up  the  slant 
face  of  the  wedge  and  reducing  the  reflectivity  of  the  explosive  sur¬ 
face,  which  is  brilliantly  illuminated  by  an  argon-flash  light  source. 
Then  in  Frame  6  the  detonation  wave  begins  as  revealed  by  a  change  in 
reflectivity  of  the  wedge  surface.  The  detonation  wave  runs  to  the 
top  of  the  wedge  and  the  strong  shock  in  the  zinc-chloride  solution 
emerges  into  the  atmosphere  producing  a  bright  air  shock  which  moves 
downward,  obscuring  the  subject.  The  demarcation  betv/een  the  region 
traversed  by  the  initial,  weak  shock  wave  and  the  region  of  complete 
detonation  remains  stationary  and  sharply  defined  to  the  end  of  the 
framing  sequence;  no  retonation  is  observed. 


Fig.  5.  (On  following  page.)  Framing  camera  sequence  show¬ 
ing  the  transition  between  the  initial  shock  wave 
and  the  high-order  detonation  wave  in  a  cyclotol 
wedge  immersed  in  a  saturated  aqueous  solution  of 
zinc  chloride.  Time  between  frames:  0.5  |isec. 

Time  increases  from  left  to  right  and  from  top  to 
bottom.  In  the  setup  photograph,  A  is  the  light 
source,  B  is  the  subject  wedge,  C  is  the  opening 
through  which  the  camera  views  the  subject  reflect¬ 
ed  in  the  mirror  D.  Shot  C-1437. 


Type  III  Experiment:  Resistivity  Technique 


The  purpose  of  this  type  of  experiment  was  to  study  the  resistiv¬ 
ity  of  shocked,  inhomogeneous  solid  explosive  during  the  initiation 
process.  It  seemed  reasonable  to  assume  that  chemical  reaction  in  the 
explosive  would  be  accompanied  by  a  decrease  in  the  resistivity.  For 
electrical  field  strengths  up  to  a  few  thousand  volts  per  centimeter 
cyclotol  exhibits  a  resistivity  like  that  of  a  good  plastic,  i.  e., 
of  the  order  of  10^^  ohm-cm.  On  the  other  hand  the  resistivity  of  a 
detonation  wave  is  quite  low,  of  the  order  of  10"^  ohm-cm,  (See,  for 
example.  Refs.  9,  10.) 

Figure  6  shows  an  experimental  arrangement  used  to  study  the 
changes  in  resistivity  of  shocked  solid  explosive.  The  electrodes 
used  were  made  of  silver  foil  0.0005  in,  thick  and  l/l6  in,  wide. 

These  electrodes  were  inserted  between  4-in,  cubes  of  explosive  which 
had  been  lapped  flat;  the  blocks  were  then  clamped  together  under  a 
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pressure  of  approximately  60  psi  in  an  effort  to  eliminate  any  air  gap 
from  the  joint.  The  experiment  was  arranged  with  the  long  axis  of  the 
foils  perpendicular  to  the  shock  wave. 


Fig.  6,  Electrode  placement  for  resistivity  experiments. 

The  center  electrode  in  each  of  the  three  groups 
is  connected  to  ground.  The  two  fiducial  signal 
electrodes  are  not  shown.  Shot  B-4696, 

Usually  ten  signals  were  taken  from  a  single  shot.  The  first 
signal  was  produced  by  the  first  motion  of  the  brass  driving  plate  and 
denoted  the  entry  of  the  shock  into  the  explosive  under  study.  This 
signal  was  sent  to  all  recording  channels  as  an  initial  fiducial.  The 
next  four  signals  were  taken  from  the  region  traversed  by  the  initial 
shock  wave,  and  a  second  four  were  taken  in  the  region  traversed  by 
the  detonation  wave.  One  signal  from  each  of  these  groups  v^as  sent  to 
each  of  the  four  recording  channels.  The  tenth  signal,  taken  from  the 
top  of  one  of  the  blocks  of  explosive,  which  were  4  in.  thick,  was 

again  distributed  to  all  four  channels  as  a  final  fiducial. 

The  signal  circuits  used  with  the  electrodes  are  shown  in  Fig.  7. 

Selected  batteries  were  used  as  low-impedance  sources  of  current  in 
the  circuits  intended  to  sense  the  resistivity  behind  the  initial 
shock  wave.  Figure  8c  shows  the  signal  in  a  battery  circuit  when  the 
electrodes  were  connected  by  a  shock-driven  brass  plate.  Comparison 
of  this  signal  with  the  other  two  of  Fig.  8  shows  that  the  rise  times 
of  these  two  signals  are  not  limited  by  circuit  parameters  but  were 
controlled  by  conditions  behind  the  shock  wave. 

The  records  from  these  resistivity  experiments  (see  Ref.  11  for 
a  description  of  the  recording  equipment)  shov/ed  first  of  all  that  the 
explosive  immediately  behind  the  initial  shock  wave  was  quite  conduct¬ 
ing,  but  not  so  conducting  as  that  behind  a  detonation  wave.  They 
also  showed  that  the  onset  of  conductivity  occurred  immediately  behind 
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the  shock  front.  The  space-time  data  of  a  single  shot  are  displayed 
in  Table  I.  A  straight  line  was  fitted  to  the  first  five  points  by 
the  method  of  least  squares,  and  a  second  straight  line  was  fitted  to 
the  second  five  points.  By  referring  to  the  results  of  Type  I  experi¬ 
ments  it  can  be  seen  that  the  velocities  obtained  as  the  slopes  of  the 
least-squares  curves,  listed  in  table  I,  are  not  inconsistent  with  ve¬ 
locities  for  the  initial  shock  wave  and  for  the  detonation  wave  from 
previous  work.  The  agreement  is  as  good  as  can  be  expected,  since 
with  the  few  points  available  the  quadratic  terras  cannot  be  resolved. 


TABLE  I 


Shot 

No.  B-4695. 

Explosives 

65/35  RDX/tNT,  = 

1,71  g/cc. 

Electrode 

Number 

x(a) 

(mm) 

t(a) 

(jisec) 

^t(b)  Velocity (®) 

(psec)  (mm/psec) 

Distance  to 
Transition(^) 
(mm) 

El 

0 

0 

.038 

E2 

1.95 

(0.73-) 

(+ 

.253)^'^^ 

E3 

2,95 

0.781 

+ 

.077 

E4 

5.56 

1.266 

.027 

E5 

6.57 

1.510 

.011  4.43 

7.96 

E6 

12.76 

2.437 

,006 

E7 

24.91 

3.998 

.018 

E8 

32,88 

4.999 

.010 

E9 

50.37 

7.173 

.029 

ElO 

101.60 

13.693 

+ 

.008  7.90 

(a)  X  is  distance  from  the  attenuator-explosive  interface  to  the 
end  of  the  electrode,  t  is  the  time  interval  from  entry  of  the 
wave  into  the  explosive  to  contact  of  the  wave  with  the  electrode. 

(b)  At  =  t^bs  “  icalc*  ^calc  i®  obtained  from  the  least-squares  fits 
to  the  data. 

(c)  Calculated  from  least-squares  fits  to  data.  Transition  point  is 
taken  as  the  intersection  of  the  two  curves, 

(d)  This  error  seems  to  be  due  to  the  very  slow  rise  of  the  signal 
and  the  resultant  difficulty  in  locating  the  beginning  of  the 
signal.  See  Fig.  8a. 
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In  fig.  8a  is  shown  the  signal  from  electrode  E2  of  Table  I, 
while  Fig.  8b  is  the  record  from  electrode  E5.  Although  it  would  be 
difficult,  if  not  Impossible,  to  measure  from  such  records  the  resis¬ 
tivity  of  any  volume  element  behind  the  initial  shock  wave,  the  re¬ 
cords  do  show  that  the  resistivity  behind  the  wave  decreases  as  the 
point  of  transition  to  high-order  detonation  is  approached.  It  is  in¬ 
structive  to  plot  the  rise-time  of  the  signals  against  the  distances 
of  the  corresponding  electrodes  from  the  transition  point,  the  rise¬ 
time  being  defined  as  the  time  to  50/^  of  maximum  deflection.  A  ctirve 
drawn  through  these  points  tends  to  zero  rise-time  in  the  neighbor¬ 
hood  of  the  velocity  transition.  At  50^  deflection  point  the  battery 
voltage  was  equally  divided  between  the  impedance  of  the  coaxial  cable 
(33  ohms)  and  the  sum  of  the  impedances  of  the  battery  and  the  gap  be¬ 
tween  the  electrodes.  The  battery  impedance  was  about  4.5  ohms,  and 
the  impedance  of  the  gap  between  the  electrodes "Was  therefore  28.5 
ohms.  If  the  region  of  low  resistivity  extends  for  a  considerable  dis 
tance  behind  the  shock,  the  resistance  between  a  pair  of  electrodes 
will  decrease  as  the  shock  moves  along  them.  The  plot  shows  that  the 
resistance  decreases  more  rapidly  as  the  shock  progresses,  which  means 
that  the  resistivity  of  the  explosive  immediately  behind  the  shock 
front  becomes  smaller  as  the  shock  approaches  transition  to  detonation 
Six  experiments  of  this  type  using  the  same  lot  of  explosive  show  ex¬ 
cellent  agreement  of  velocities,  transition  distance,  and  even  con¬ 
ductivity  at  each  level. 

Type  IV  Experiment;  Doubly-Shocked  Explosive 

The  results  reported  thus  far  raised  the  question  as  to  whether 
the  explosive  traversed  by  the  Initial  shock  wave  ever  reacted  com¬ 
pletely.  For  example,  the  framing-camera  sequence  presented  in  the 
discussion  of  the  Type  II  experiments  showed  the  boundary,  correspond¬ 
ing  to  the  transition  to  high-order  detonation,  to  remain  sharply  de¬ 
fined  throughout  the  period  of  observation;  this  implies  that  the  ex¬ 
plosive  traversed  by  the  initial  shock  wave  had  not  detonated  and  that 
the  initial  shock  wave  was  converted  into  a  detonation  wave  without 
the  contribution  of  a  large  fraction  of  the  chemical  energy  available 
in  the  initial  layer. 

The  state  of  this  initially-shocked  layer,  the  imminence  of  com¬ 
plete  reaction,  and  the  susceptibility  of  this  layer  to  Initiation  by 
a  second  shock  was  investigated  by  the  experimental  arrangement  shown 
in  Fig.  9.  A  layer  of  Styrofoam  of  density  10. 5  Ibs/cu  ft  was  used  as 
the  shock  attenuator  immediately  adjacent  to  the  explosive  under  study 
(HMX /plastic -94/6) .  The  first  reverberation  in  the  foam  supplied  a 
second  shock  to  the  explosive.  The  wedge  was  immersed  in  an  impedance 
matching  solution  of  ZnCl2,  so  that  no  rarefaction  was  reflected  into 
the  wedge. 

Figure  10  shows  the  smear -camera  record  of  such  a  shot.  The 
values  of  the  initial  shock  velocity,  Ug,  and  the  high-order  deto- 
r-tion  velocity,  D,  were  found  to  be  3.93  mm/yisec  and  9.20  mm/)isec, 

1 _ opectively.  From  Type  I  experiments  on  the  plastic -bonded  HMX  the 
particle  velocity,  U  ,  was  interpolated  to  be  0.55  mm/yisec.  Using 
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these  data,  the  base  angle,  6,  of  the  e3q)losive  wedge  after  passage  of 
the  initial  shock  wave  was  calculated  from  the  relationship 

tan  9  =  tan  20°  (U3-Up)/Ug 

where  the  initial  wedge  angle  was  20°.  Using  this  value  of  0  and  the 
camera  record  of  the  second  shock,  the  velocity  of  the  latter  was  cal¬ 
culated  to  be  5*62  mm/ysec. 


LIGHT  ,  ^rO 

SOURCE  /  CAMERA 

I  / 


Fig.  9.  Charge  arrangement  for  doubly -shocking  plastic  bond¬ 
ed  HMX.  Shot  D-6851. 


Fig.  10.  Smear  camera  record  of  doubly-shocked  wedge  of 
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plastic -bonded  HMX.  First  and  second  shocks  are 
labeled  1,  2,  respectively*  The  first  shock 
starts  at  the  bottom  and  moves  up  and  to  the 
right  at  almost  constant  slope,  until  detonation 
begins  and  the  slope  becomes  greater.  The  curva¬ 
ture  at  the  upper  right  in  the  detonation  line 
is  an  edge  effect.  The  second  shock  starts  at 
the  bottom  about  l.k  yisec  later  and  moves  at 
higher  velocity.  The  space  scale  applies  to  the 
slant  face.  Shot  D-586I, 

The  second  shock  vave  corresponds  to  an  important  increase  in 
pressure  over  the  39  kbar  of  the  first  shock,  although  sufficient  data 
are  lacking  for  an  accurate  calculation  of  this  increase.  The  Ray¬ 
leigh  line  intersects  the  initial  Hugoniot  at  100  kbar,  however,  so 
the  pressure  is  near  100  kbar.  That  it  is  not  a  detonation  wave  is 
evident  from  the  wave*s  low  velocity  relative  to  that  of  the  deto¬ 
nation  wave  observed  in  the  upper  part  of  the  wedge.  This  result 
suggests  both  that  complete  reaction  was  not  imminent  in  the  initial¬ 
ly-shocked  layer  of  explosive  and  that  the  initial  shock  has  in  fact 
desensitized  this  layer. 

Type  V  Experiment:  Ritrome  thane -Carborundum  Mixtures 

Following  the  hypothesis  that  the  difference  in  the  initiation 
behavior  of  physically  homogeneous  and  inhomogeneous  explosives  is  in 
fact  due  to  the  inhomogeneities,  an  experiment  was  designed  to  convert 
nitromethane ,  which  had  been  extensively  studied  in  the  homogeneous 
stated into  an  inhomogeneous  explosive  by  the  addition  of  Carborun¬ 
dum  grit.  The  charge  was  arranged  as  shown  in  Fig,  2,  except  that  the 
booster-attenuator  system  was  12  in,  in  diameter.  It  consisted  of  a 
plane-wave  lens,  2  in.  of  baratol,  3A  of  brass,  3A  of 
Lucite,  and  3 A  of  brass. 

The  charge  of  nitromethane  and  Carborundum  is  shown  in  Fig,  11, 

A  wedge-shaped  container  made  of  Homolite  plastic  was  used  to  hold  the 
explosive  mixture  in  contact  with  the  brass  attenuator  plate.  The 
Carborundum  was  #150  grit  settled  to  a  density  of  I.90  g/cc  with  a  re¬ 
producibility  better  than  O.OO3  g/cc.  Nitromethane  was  introduced  at 
the  bottom  of  the  wedge  by  means  of  a  hypodermic  needle  as  shown  in 
Fig.  11,  The  addition  of  the  nitromethane  was  carried  out  slowly  to 
displace  the  air  in  the  interstices  and  brought  the  final  charge  den¬ 
sity  to  2,32  g/cc.  Finally,  a  narrow  strip  of  alimiinized  Mylar  was 
stretched  along  the  slant  face  of  the  wedge  to  act  as  a  mirror  as  re¬ 
quired  in  the  Type  I  experiments. 

The  firing  record  obtained  from  the  Carborundum-nitromethane  mix¬ 
ture  is  shown  in  Fig,  12.  It  can  be  seen  that  the  velocity  tran¬ 
sition  is  characteristic  of  inhomogeneous  explosives,  i.  e.,  it  is  a 
smooth,  gradual  process.  The  velocity  of  the  initial  shock  wave  was 
2,^7  mm/psec  and  the  pressiore  was  23  kbar.  These  values  are  to  be 
compared  with  ^,5  ram/jisec  and  85  kbar  for  the  initiating  shock  in 
pure  nitromethane.  The  detonation  velocity  in  the  mixture  was  4,^4 
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mm/yisec  as  compared  to  6.30  mm/psec  for  pure  ni trome thane .  Thus,  ad¬ 
dition  of  Carborundum  to  nitromethane  sensitizes  it  and  the  resulting 
mixture  initiates  in  the  same  way  as  do  inhomogeneous  solids.  Five  ex 
periments  of  this  type  have  shown  excellent  agreement. 


Fig.  11.  Nitromethane -Carborundum  charge  mounted  on  brass 
shock-attenuator.  Base  angle  of  wedge:  20^ 

Shot  D-6853* 


Fig.  12.  Smear  camera  record  from  nitromethane -Carborun¬ 
dum  charge  in  Fig.  11.  The  space  scale  applies 
to  the  slant  face.  Shot  D-6853 


I 

I 
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Additional  Experimental  Results 

In  the  course  of  the  work  on  initiation,  many  data  have  been  col¬ 
lected  in  addition  to  those  already  mentioned.  In  order  to  design  an 
experiment  to  study  initiation,  it  is  necessary  first  to  know  what 
pressure  is  needed  to  initiate  the  explosive  in  a  time  convenient  for 
the  equipment  available.  Also,  it  is  possible  to  get  meaningful  data 
only  if  the  results  can  be  reproduced.  Reproducibility  requires  re¬ 
producible  behavior  of  both  the  experimental  piece  and  the  booster 
system.  Since  the  initiation  behavior  of  a  charge  depends  upon  the  na 
ture  and  extent  of  the  inhomogeneities  present  in  it,  it  is  these 
which  must  be  evaluated  in  order  to  characterize  and  obtain  the  qual¬ 
ity  necessary  in  a  charge  to  allow  one  to  obtain  valid  results  in  ini¬ 
tiation  experiments.  Type  I  experiments  were  used  to  explore  these 
problems.  Some  of  the  results  illustrate  general  behavior,  and  will 
be  presented  for  that  reason. 

Wedges  of  the  cyclotol  described  in  the  section  Type  I  experi¬ 
ments  were  initiated  with  different  boosters  to  determine  where  high- 
order  detonation  begins  for  different  initial  shock  pressures.  The 
pressures  were  obtained  from  the  free-surface  velocity  of  the  attenuat 
or  plate  used  in  the  usual  impedance  match  calculation  with  the  ini¬ 
tial  shock  velocity  in  the  explosive.  The  data  are  plotted  in  Fig.  13 


PRESSURE  kbar 


Fig.  13.  Plot  of  distance  of  run  of  the  shock  wave  before 
high-order  detonation  begins  versus  initial  shock 
pressure.  The  solid  explosive  is  cyclotol,  and 
the  liquid  is  nitromethane . 

The  errors  result  in  large  part  from  uncertainty  about  which  point  on 
the  accelerating  curve  one  should  pick.  The  contrast  between  the  be- 
];iavior  of  liquid'^'  and  solid  explosives  is  illustrated  in  Fig.  13  by 
Including  the  similar  curve  for  nitromethane.  The  distance  in  this 
case  is  the  position  of  the  shock  wave  when  detonation  begins  at  the 
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back  siirface.  The  great  difference  in  the  slope  of  the  two  ciirves  is 
evidence  that  while  in  liquids  the  shock  must  heat  all  the  explosive 
to  a  high  uniform  temperature,  resulting  in  a  very  strong  dependence 
of  the  induction  time  on  the  temperature  or  shock  pressure,  in  solid 
inhomogeneous  explosive  the  important  heating  is  at  the  defects  in  the 
structure  where  the  temperature  depends  more  strongly  upon  the  nature 
of  the  defect  than  upon  the  shock  pressure.  It  is  easy  to  show  that 
the  average  temperature  in  the  shocked  solid  is  too  low  at  any  of  the 
pressures  used  to  make  the  reaction  proceed  at  a  sufficient  rate  for 
detonation  to  occur  in  a  few  microseconds. 

In  Fig.  l4  are  plotted  the  results  of  some  initiation  experiments 
on  TNT  charges  pressed  from  coarse-  and  fine-grained  material.  The 
coarse -grainted  TNT  had  a  median  particle  size  in  the  range  200-250  p, 
while  the  fine-grained  material,  which  was  prepared  by  grinding  the 
coarse,  fell  largely  in  the  range  20-50  p.  One  booster  design  was 
used  for  all  of  the  shots,  and  the  measured  values  of  the  pressure 
were  60  kbar  ± 


Fig.  Ik.  Effects  of  initial  density  and  particle  size  on 
the  sensitivity  of  pressed  TNT  charges.  Ordi¬ 
nates  are  times  of  run  of  initial  shock'  waves 
as  shown  in  Fig.  k. 

From  the  plots  of  the  data  it  can  be  seen  that  the  charges  made 
from  fine-grained  TNT  were  more  sensitive  than  those  made  from  coarse 
material.  This  agrees  with  general  experience.  Another  important 
feature  is  the  rapid  decrease  in  sensitivity  of  both  types  of  charges 
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as  the  density  approaches  crystal  density  (1,65^  g/cc). 

Figure  I5  shows  the  results  of  initiation  experiments  on  charges 
pressed  from  two  lots  of  plastic -bonded  HMX.  The  lots  differed  slight¬ 
ly  in  particle-size  distributiono  Again  it  can  be  seen  that,  as  the 
limiting  density  is  approached,  the  sensitivity  decreases  rapidly. 

From  these  two  sets  of  experiments  it  appears  that  at  interme¬ 
diate  densities  the  particle  size  is  more  important  than  is  the  den¬ 
sity  in  affecting  the  sensitivity,  whereas  at  densities  approaching 
the  limiting  value,  the  density  becomes  the  more  important  factor. 
Furthermore,  it  seems  reasonable  to  suppose  that  the  initiation  be¬ 
havior  gradually  changes  from  that  of  an  inhomogeneous  explosive  to 
that  of  a  homogeneous  one. 


DENSJTY  6/C^ 


Fig,  15, 


Effect  of  density  on  the  sensitivities 
lots  of  plastic -bonded  HMX.  Ordinates 
times  of  run  of  initial  shock  waves  as 
in  Fig,  4, 


of  two 

are 

shown 
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DISCUSSION  07  RESULTS 

In  most  of  the  experiments  described  in  this  paper  our  goal  has 
been  to  put  a  smooth,  plane  shock  wave  with  a  sharply  rising  front  and 
constant  amplitude  into  the  explosive  charge  to  be  studied  and  to  ob¬ 
serve  the  initiation  behavior  before  the  intrusion  of  edge  effects  or 
of  reverberations  in  the  shock  attenuator®  While  edge  effects  were 
eliminated,  the  pressure  profile  was  not  flat-topped^  To  achieve  the 
latter  condition  to  good  approximation  would  have  required  either  very 
large  charges,  or  that  a  good  technique  for  throwing  big  metal  plates 
be  developed.  Nevertheless,  the  shock  waves  were  of  sufficient  quali¬ 
ty  to  permit  the  drawing  of  a  number  of  conclusions  from  the  experi¬ 
mental  results o 

It  is  of  interest  first  to  contrast  the  initiation  behavior  of 
homogeneous  and  inhomogeneous  explosives  using  Reference  1  as  the 
source  of  information  for  the  former.  The  contrasts  are  as  follows s 

(a)  The  initial  shock  wave  in  a  homogeneous  explosive  shows  a 
constant  or  slightly  decaying  velocity  as  a  function  of  timej  the  cor¬ 
responding  wave  in  inhomogeneous  explosive  accelerates  throughout  its 
travel. 

(b)  The  transition  to  high-order  detonation  is  very  abrupt  in 
homogeneous  explosive;  the  transition  in  inhomogeneous  explosive  is 
less  so. 

(c)  The  onset  of  high-order  detonation  in  homogeneous  explosive 
is  accompanied  by  an  overshoot  in  the  velocity,  amounting  to  about  10?^ 
in  the  case  of  nitromethane;  no  demonstrable  overshoot  has  been  re¬ 
corded  for  inhomogeneous  explosive  in  our  experiments® 

(d)  Detonation  is  observed  to  originate  at  the  shock  attenuator- 
explosive  interface  in  homogeneous  explosive;  at  present  it  is  be¬ 
lieved  probable  that  detonation  occurs  at  or  near  the  shock  front  in 
inhomogeneous  explosives.  It  may  be  possible  to  clarify  this  point  in 
the  future  by  conductivity  measurements. 

(e)  The  experiments  with  nitromethane-Carborundum  mixtures  have 
shown  that  the  mixtures  are  much  more  sensitive  than  the  homogeneous 
liquid  nitromethane®  The  inhomogeneities  in  the  mixture  cause  shock 
interactions  with  resultant  local  heating.  For  initiation,  the  de¬ 
tailed  structure  of  the  shock  properties  of  the  explosive  is  more  im¬ 
portant  than  are  the  values  of  the  thermochemical  constants® 

(f)  The  material  behind  the  initial  shock  wave  in  homogeneous 
explosive  is  relatively  non-conducting  for  electricity  until  the  onset 
of  detonation;  in  inhomogeneous  explosive  the  material  behind  the  ini¬ 
tial  shock  front  is  quite  conducting  and  becomes  even  more  so  as  the 
transition  to  high-order  detonation  is  approached® 

(g)  The  initiation  process  in  homogeneous  explosive  is  much  more 
sensitive  to  variation  of  the  initial  temperature  or  to  variation  of 
the  shock  pressure  than  it  is  in  inhomogeneous  explosive. 

It  is  logical  to  attribute  the  differences  between  the  initiation 
behavior  of  inhomogeneous  and  homogeneous  explosives  to  the  voids  and 
other  defects  in  the  former®  Work  with  nitromethane  in  Reference  1 
and  the  results  with  nitromethane-Carborundum  mixtures  reported  here 
show  that  convergences  in  the  mass  flow  and  impedance  mismatches  can 
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cause  local  reaction  which  influences  importantly  the  initiation  pro'- 
cesso  It  is  easy  to  show  with  a  smear  camera  record  that  the  detona-* 
tion  front  in  a  pressed  or  cast  explosive  is  quite  roughs  from  which 
one  can  deduce  that  the  mass  flow  is  quite  irregular  in  fine  detail® 

On  the  other  hand  gas  bubbles  and  voids  are  perhaps  the  most  com^ 
monly  occurring  defects  in  cast  and  pressed  explosives®  If  we  may 
assume  that  the  number  of  voids  between  grains  of  explosive  is  proper®’ 
tional  to  the  number  of  grains  then  the  coarse-grained  TNT  discussed 
above  should  have  fewer but  larger^  voids  than  the  fine-grained  TOT 
at  the  same  density®  Experimental  results  show  that  the  latter  explo¬ 
sive  is  more  sensitive 5,  and  therefore ^  it  may  be  concluded  that  a  vol¬ 
ume  of  fine  voids  is  more  efficient  in  producing  chemical  reaction 
than  the  same  volume  of  coarse  voids®  This  suggests  the  importance  of 
a  surface  reaction® 

The  effect  of  increasing  the  number  of  voids  and  other  sources  of 
hot  spots  is  to  render  a  given  explosive  more  sensitive®  It  is  well 
known  that  an  explosive  becomes  easier  to  initiate  as  the  density  is 
decreased®  This  effect  of  hot  spots  is  supported  here  by  the  results 
obtained  for  nitromethane-Carborundum  mixtures  and  by  the  data  plotted 
in  FigSo  14  and  15®  When  an  explosive  exists  in  an  inhomogeneous 
statBp  the  shock  strength  necessary  to  cause  initiation  need  not  be 
great  enough  to  raise  the  entire  mass  to  a  sufficient  temperature  for 
a  rapid  reaction  (thermal  explosion)  to  occurp  but  need  only  activate 
a  sufficient  number  of  hot  spots®  This  effect  of  hot  spots  also  ac¬ 
counts  for  the  small  dependence  of  the  sensitivity  of  inhomogeneous 
explosives  on  the  initial  temperature® 

The  amount  of  energy  obtainable  from  a  single  hot  spot  must  de- 
pendp  among  other  things ^  upon  the  shock  strength®  Following  the 
model  of  Rideal  and  Robertson )-the  higher  the  temperature  around  a 
hot  spotp  the  longer  the  hot  spot  will  continue  to  react  and  the  more 
energy  it  will  produce  before  being  deactivated  by  loss  of  heat  to  the 
surroundings®  An  increase  in  shock  strength  will  increase  the  temper¬ 
ature  of  the  homogeneous  explosive  about  a  hot  spot  as  well  aSp  per¬ 
haps  p  increasing  the  dimensions  and  temperature  of  the  hot  spot  it¬ 
self® 

The  behavior  of  the  undetonated  layer  of  explosive  in  the  Type  IV 
experiments  becomes  understandable  on  the  basis  of  hot-spot  action® 

The  primary  sources  of  hot  spots  in  the  plastic-bonded  HMX  pressings 
are  the  impedance  mismatch  between  the  and  the  plastic p  and  the 
small  bubbles  present®  Passage  of  the  first  shock  wave  creates  hot 
spots  and  causes  some  chemical  reaction  to  take  place®  After  the  hot 
spots  have  been  deactivated  by  loss  of  heat  to  their  surroundings p  the 
explosive  is  left  in  a  more  homogeneous  state  than  before®  The  bub¬ 
bles  will  have  been  collapsed  and  the  impedance  mismatches  reduced  by 
the  greater  compression  of  the  less  dense  component®  The  explosive 
will  then  be  much  less  sensitive  to  a  second  shock® 

In  view  of  the  above  considerations p  the  following  picture  of  the 
initiation  process  has  evolved®  A  shock  entirely  too  weak  to  initiate 
a  homogeneous  explosive  can  activate  hot  spots  and  cause  detonation 
when  the  explosive  is  sufficiently  inhomogeneous®  In  an  explosive 
pressed  to  near  crystal  density  the  hot  spots  due  to  bubbles  are 
quite  small  and  are  deactivated  quickly  after  passage  of  the  shock® 
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The  energy  contribution  to  the  shock  wave  by  a  particular  hot  spot  is 
completed  soon  after  che  passage  of  the  wave  front.  Detonation  occurs 
at  or  near  the  front  of  the  wave;  explosive  located  before  the  tran¬ 
sition  does  not  detonate  and  is  relatively  insensitive  to  subsequent 
shocks.  Because  the  detonation  takes  place  near  or  at  the  front  of 
the  wave,  there  is  little  or  no  overshoot  in  the  detonation  velocity. 
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Abstract 

A  study  of  the  basic  physical  parameters  for  sympathetic 
initiation  of  high  explosive  receptor  charges  by  the  pressure  pulse 
from  a  donor  charge  transmitted  through  barriers  of  air^  steely 
aluminum^  lead^  and  copper  has  been  conducted.  A  surface  phenomenon, 
which  has  been  shown  to  be  a  front  of  mechanical  discontinuity 
supported  by  a  chemically  reacting  core,  has  been  observed  to  prop¬ 
agate  at  a  constant,  supersonic  velocity.  The  core  reaction  is 
initiated  provided  the  intensity  of  the  incident  pressure  pulse  is 
less  than  the  detonation  pressure  of  the  explosive  but  above  a  thres¬ 
hold  value  which  depends  on  the  chemical  composition  and  physical 
condition.  The  initial  core  reaction  is  a  "low-order"  chemical 
decomposition  which  produces  a  pressure  considerably  less  than  that 
associated  with  high- order  detonation,  and  propagates  at  a  super¬ 
sonic  rate,  but  much  slower  than  a  higher-order  detonation.  This 
reaction  is  confined  to  the  central  core  of  the  explosive  and  its  rate 
of  propagation  is  determined  by  the  intensity  of  the  incident  wave. 

The  distances  and  times  required  for  the  reaction  to  change  abruptly 
to  high  order  detonation  are  uniquely  determined,  for  a  given  explo¬ 
sive,  by  the  intensity  of  the  incident  pressure  wave.  High  order 
detonation  is  first  observed  at  the  surface  of  the  charge  coincident 
to  the  front  of  the  mechanical  discontinuity.  However,  the  shape  of 
that  front,  on  emergence,  indicates  that  initiation  originated  in  the 
reacting  core . 

Invariably^  for  a  considerable  time  after  the  beginning  of 
the  high-order  reaction  in  the  receptor  charge,  it  propagates  at  a 
rate  slightly  greater  than  normal  detonation  rate. 

While  details  of  behavior  vary  with  composition  and  geometry 
of  the  explosive,  the  qualitative  features  appear  to  be  generally 
valid . 
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Introduction 

Studies  have  been  made  of  the  fundamental  physical  processes 
involved  in  the  detonation  reaction  of  solid  explosives .  These 
studies  have  led  to  an  analysis  of  the  parameters  that  control  the 
sympathetic  detonation  of  a  receptor  charge  subjected  to  strong 
shocks  transmitted  through  barriers  of  various  materials .  It  is 
felt  that  these  studies  might  lead  to  a  fuller  understanding  of  the 
detonation  process  and  could  also  indicate  a  criterion  of  sensitivity 
based  on  physical  q_uantities  directly  related  to  the  explosive 
charges.  Continuation  of  the  research  project  reported  formally  first 
in  a  Ballistic  Research  Laboratories  Report in  1955  and  subse¬ 
quently  in  later  reports(2:,3)  indicate  the  direction  of  this  continued 
research  with  finer  time  and  space  resolution^  employing  new  techniques 
for  the  investigation  of  the  regime  of  transition  from  initiation  to 
high-order  detonation.  Much  of  the  earlier  data  were  inferred  from 
the  observation  of  the  surface  conditions  of  receptor  charges.  The 
work  covered  by  this  report  deals  with  the  direct  observations  of  the 
core  reaction  in  the  receptor .  These  new  observations  eliminate  the 
errors  and  uncertainties  introduced  by  the  earlier  inferences . 

Experimental  Proceedure 

Except  for  some  preliminary  experiments  with  internally  cast 
resistance  wires (^)  all  of  the  data  were  obtained  from  photographic 
records(5).  Self -luminosity  and  auxiliary  front  lighting  were  used 
with  streak-cameras^  Kerr-cell  single  exposure  shutters  and  multi¬ 
frame,  high  repetition  rate,  framing  cameras. 

The  charges  were  arranged  as  shown  in  Figure  1  and,  except 
where  noted,  were  cast  50/5O  pentolite  sticks  of  5/^  inch  square 
cross-section,  3  inches  long.  Barriers  of  air,  steel,  dural,  copper, 
lead  and  plastic  have  been  tested.  However,  most  of  the  data  pre¬ 
sented  in  this  report  represent  a  variety  of  barrier  thicknesses  of 
air,  lead  and  dural. 

Data  for  initiation  by  pellet  impact  were  obtained  with  steel 
discs,  driven  intact,  at  velocities  ranging  from  5OO  to  15OO  meters 
per  second  by  metal -padded  explosive  sticks . 

Discussion-Specific  Results 

As  a  result  of  the  methods  for  the  determination  of  initial 
conditions  in  the  receptor  charges,  the  quantitative  data  obtained 
in  these  tests  fall  into  three  general  catagories,  i.e.  air-gap, 
metal  barrier  and  pellet  impact.  However,  the  conditions  leading 
to  high  order  detonation  can  be  described  by  a  single  physical  model. 

1.  Initiation  by  Shock  Through  Air  Gaps 

The  earliest  investigations  of  shock  initiation  were 
conerned  primarily  with  air  barriers,  and  the  time  "t”  and  distance  d 
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shown  in  Figure  2A,  which  is  a  typical  streak -camera  record,  were 
the  first  observations  made  of  the  delay  to  detonation.  More  recent, 
front  lighted  records  (Figixre  2B)  have  shown  that  this  time  t 
consisted  of  at  least  two  individual  delays,  i.e.,  the  delay  to 
ignition  and  the  delay  to  high  order  detonation  after  ignition 
established  a  core  reaction  in  the  receptor  stick.  The  direct  mea¬ 
surements  of  the  supersonic  surface  velocity^;  as  a  function  of 
the  width  of  the  air  gap  in  comparison  with  the  velocities  computed 
from  the  "t-d"  data  are  shown  in  Figure  3- 

For  detonation  induced  by  the  air  shock  it  is  necessary 
to  separate  the  contributions  of  peak  pressure,  impulse  and  possibly 
heat,  to  the  reaction  in  the  receptor.  The  pressure  in  the  air  shock 
at  the  face  of  the  receptor  is  directly  obtained  from  the  Hugoniot 
relations  for  air,  which  are  well  known  for  the  velocities  involved. 

The  pressure  so  obtained,  cannot  be  used  directly  bo  obtain  the 
pressure  in  the  receptor,  however.  Theory  and  experiment  both  show 
that  the  peak  pressure  occurs  when  the  high  density  detonation  products, 
which  are  following  closely  behind  and  driving  the  air  shock,  impact 
the  face  of  the  receptor  charge .  A  single  rough  measurement  made 
at  these  Laboratories,  (by  Mr.  Boyd  Taylor)  of  the  pressure  developed 
in  a  Plexiglas  receptor  separated  by  a  1  inch  air  gap  from  a 
standard  pentolite  donor  yielded  an  estimate  of  300,000  PSI.  At  this 
gap  distance,  the  pressure  in  the  incident  air  shock  is  about  o, 500  PSI 
and,  allowing  for  a  maximum  theoretical  eight-fold  magnification 
in  the  reflected  shock  from  a  perfectly  rigid  wall,  the  pressure  at 
the  receptor  face  could  be  expected  not  to  exceed  68,000  PSI  as  a 
result  of  the  shock  impact.  The  quantitative  data  presented  relate 
the  surface  velocity  and  the  delay  to  detonation  in  the  receptor  to 
the  pressure  in  the  incident  wave .  Recomputing  to  include  the 
results  of  the  single  test  with  the  Plexiglas  receptor  will  increase 
the  magnitude  of  this  pressure,  and  will  throw  the  air  gap  data 
into  agreement  with  the  metal  barrier  data. 

2.  Initiation  by  Shock  Through  Metal  Barriers 

The  delay  time  and  distance  to  detonation  in  receptor 
charges  have  been  studied  as  functions  of  both  the  barrier  thickness 
and  barrier  material  with  lead,  dural,  copper,  and  steel.  However, 
sufficient  data  for  quantitative  as  well  as  qualitative  analysis 
have  only  been  obtained  with  the  lead  and  dural  barriers . 

Direct  measurements  of  the  pressure  induced  in  the 
receptor  charges  could  not  be  made  with  existing  instrumentation 
and  techniques.  However,  once  the  pressure  in  the  barrier  at  the 
barrier -receptor  interface  is  known,  this  information  can  be  used 
with  the  extended  high  pressure  Hugoniot  curve  published  by  Los 
AlamosC^),  By  use  of  the  pin  technique.  Dr.  Floyd  Allison  at 
Carnegie  Institute  of  Technology  supplied  the  free  surface  velocities 
of  barrier  materials  driven  by  contact  donor  charges .  Using  the 

relationship:  p  =  o  U  U 
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Fig.  2  -  (a)  Streak  camera  record  of  sympathetic 
detonation  by  air  shock  showing  the  distance  and 
delay  time  to  detonation;  (b)  front  lighted  record 
of  sympathetic  detonation  by  air  shock  showing  the 
surface  shock  propagating  along  the  receptor. 
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where:  P  is  pressure  (dynes/cm^) 

p  is  harrier  density  (gms/cm^) 

is  shock  velocity  in  the  harrier  (cm/sec) 
is  the  harrier  particle  velocity  (cm/sec), 
aBd  is  approximately  l/2  the  free  surface  velocity^ 

the  pressure  transmitted  to  the  receptor  charge  is  computed.  The 
relationship  of  the  delay  to  detonation  for  lead  and  dioral  is  shown 
as  a  function  of  these  computed  pressures,  in  Figure  4. 

To  date;  the  pressure  profile  and  consequently  the  impulse 
delivered  to  the  receptor  charge  have  not  been  measured.  With  new 
pressure  transducer  techniques ;  a  program  to  determine  values  for 
this  parameter  is  being  initiated.  However;  the  contribution  of  total 
impulse  appears  negligible  in  the  comparison;  shown  in  Figure  4^ 
of  data  for  two  materials  of  widely  different  density  and  physical 
characteristics . 

5 .  Initiation  by  Pellet  Impact 

Aluminum  pads  of  various  thickness  were  used  on  the  ends 
of  large  explosive  cylinders  separating  the  charge  and  disc  to  be 
propelled.  Tests  were  conducted  with  steel  discs  1.5  inches  in 
diameter  and  0.125  inches  thick  weighing  28.52  grams  with  velocity 
of  impact  at  the  receptor  ranging  from  O.58  to  1.52  mm/psec.  Farlier 
evidence  that  peak  pressirrc;  not  total  energy  delivered  to  the  receptor; 
controlled  the  delays  and  velocities  in  the  receptor  led  to  the  treat¬ 
ment  of  the  plate  as  a  free  surface.  Computations  identical  to  those 
for  metal  barriers  were  made  and  the  plot  shown  in  Figure  5  indicates 
the  close  agreement  of  these  data  to  those  for  metal  barriers. 

It  appears  most  likely  that  the  excessive  scatter  in 
the  impact  data  resulted  from  oblique  collision  of  the  plate  with 
the  end  of  the  receptor.  Additional  testing  of  the  effects  of 
oblique  impact  is  being  conducted  to  amplify  this  possibility. 

Discussion-General  Results 


An  examination  of  the  photographic  exposures  made  in  tests 
conducted  with  the  air  and  metal  barriers  and  impacting  pellets 
made  it  immediately  obvious  that  the  initiation;  the  pre -detonation; 
and  the  ’^break-out"  of  high  order  detonation  have  the  same  physical 
characteristics  for  all  these  methods  of  transfer  of  energy  to  the 
receptor  charge.  Four  conditions  have  been  found  to  exist  in  the 
impacted  receptors: 

1.  Detonation  occurs  with  no  measurable  delay  at  the 
impacted  face  of  the  receptor. 

2.  A  measurable  supersonic  surface  shock  of  mechanical 
discontinuity  proceeds  at  constant  velocity  in  the 
receptor;  and  eventually  high  order  detonation  breaks 
out  in  this  front . 
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Fig.  4  -  Pressure  in  receptor  vs  time  to 
detonation,  pressure  in  receptor  vs  dis¬ 
tance  to  detonation 
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5.  A  measiirable  supersonic  surface  shock  of  mechanical 
discontinuity  proceeds  at  constant  velocity  for  the 
entire  length  of  the  stick  and  high  order  detonation  is 
not  observed. 

A  measurable  supersonic  surface  shock  of  mechanical 
discontinuity  is  observed  to  gradually  decay  and  be  no 
longer  observable  as  it  approaches  sonic  velocity. 
High-order  detonation  does  not  occur . 

The  first  of  these  conditions  was  not  covered  in  this  study^ 
and  the  results  which  follow  are  only  related  to  2^  5  and  k  above. 

The  observation  of  a  supersonic  shock  along  the  surface  of 
the  charge^  proceeding  at  constant  velocity^  requires  that  energy  be 
fed  into  that  shock.  This  indicates  that  a  chemical  reaction  has 
been  initiated  in  the  receptor.  The  lack  of  observation  of  this 
reaction  at  the  surface  does  not  preclude  its  existence.  With  receptors 
cut  to  lengths  equal  to^  shorter  than  and  longer  than  that  distance 
at  which  high  order  detonation  would  be  expected  to  occur  for  a 
given  barrier  condition^  the  results  shown  in  Figure  6,  which  is  a 
composite  of  a  series  of  streak-camera  records^  were  obtained  for  the 
core  reaction.  The  profile  of  this  reacting  core  can  be  observed 
to  be  changing  shape  in  these  records.  Figure  7  is  a  plot  of  the 
velocity  of  the  reaction  (measured  in  the  direction  of  the  axis  of 
the  charge)  at  the  center  of  the  charge  and  at  various  radial  distances 
from  the  center^  as  indicated.  The  shape  of  the  reacting  core  at 
any  given  time  is  directly  related  to  the  difference  in  velocity^ 
which  is  highest  at  the  axis  of  the  charge  and  decreases  with  radial 
distance.  The  non-reactive  surface  shock  is  joined  by  a  continuous 
extension  of  the  shock  profile  of  the  reactive  core^  and  has  the 
lowest  velocity  observed  during  the  pre -high -order  detonation  regime. 

The  velocity  of  the  surface  shock  has  been  found  to  be 
constant  in  each  record.  However^  the  magnitude  of  this  velocity 
is  a  function  of  the  barrier  conditions .  The  core  velocity  along 
the  axis  has  been  measured  and  also  shown  to  be  constant  from  the 
photographic  record  of  charges  of  different  lengths,,  and  measiored 
as  constant  in  a  given  charge  by  the  resistance  wire  method  mentioned 
earlier The  magnitude  of  the  axial  velocity  is  also  dependent 
on  the  barrier  conditions . 

The  surface  observation  obtained  for  dural  and  lead  barriers  is 
plotted  vs  the  transmitted  pressure  in  the  receptor  charge  (Figure  4) ^ 
and  it  is  indicated  in  this  diagram  that  delay  time  and  distance 
are  directly  dependent  on  pressure  alone ^  and  independent  of  impulse. 

A  similar  graphs  Figure  5^  is  shown  for  air  barriers  but;,  as 
described  imder  "'Discussion"  the  pressure  shown  is  that  of  the 
incident  air  shock.  Figure  5  shows  the  similarity  of  data  for 
pellet  impact  to  those  for  metal  barriers . 
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Figo  6  -  Series  of  streak  camera  records  showing  the 
core  reaction  emerging  from  the  ends  of  short  recep¬ 
tors  (x  =  length  of  receptor) 
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In  over  three  hundred  tests  conducted^  the  velocity  of 
the  high-order  detonation  that  is  induced  in  the  receptor  has  been 
Invariably  about  1  l/2^  higher  than  the  velocity  of  detonation  in 
the  donor  sticks.  In  two  of  these  receptor  sticks  the  detonation 
velocity  has  dropped  abruptly  to  its  normal  value .  A  valid  physical 
explanation  for  this  observation  cannot  be  made  on  the  basis  of 
information  obtained  in  these  firings . 

Conclusions 


It  follows  from  the  results  obtained  with  the  air  gaps^  metal 
barriers  and  pellet  impact  studies  of  sympathetic  initiation  that  a 
single  physical  model  can  be  established  for  all  of  these  conditions . 

Although  the  nature  of  the  initiation  of  the  reaction  is  not 
known^,  there  is  no  evidence  to  contradict  the  hot  spot  theory  of 
Yoffe  And.  Bowdenv^).  Allowing  that  the  reaction  does  start  by 
adiabatic  compression  of  trapped  gases,  mechanical  heating,  or  a 
combination  of  both,  the  volimie  of  this  reaction  and,  as  a  consequence, 
its  pressure  and  propagation  velocity,  are  functions  of  the  pressure 
of  the  initial  shock  transmitted  to  the  receptor .  As  this  reaction 
propagates  internally,  as  seen  in  the  results  presented  here,  the 
rarefaction  wave  from  the  boundary  is  sufficiently  strong  to  prevent 
suid'ace  detonation.  However,  the  pressure  of  this  internal  shock  is 
sufficiently  great  to  manifest  mechanical  surface  changes  in  the 
solid  explosives,  observable  by  front  lighting  techniques.  If  the 
tion  loss  rate  is  less  than  the  energy  ideas e  rate,  the  internal  pressure 
builds  Up  to  a  point  at  which  a  discontinuous  jump  to  a  high  order 
detonation  occurs  in  a  manner  similar  to  that  proposed  by  Von  Neumann(8) . 
However,  in  this  case  the  reaction  moves  from  an  n=k  Hugoniot,  in 
which  1"^  k'^0,  to  the  n=l  Hugoniot  when  the  pressure  reaches  a  value 
equal  to  that  at  the  intersection  of  the  n=k  Hugoniot  and  the  Chapman- 
Joguet  plane.  If  the  rate  of  energy  release  is  such  that  the  pressure 
does  not  build  up  at  a  rate  higher  than  the  rate  of  dissipation  in 
the  rarefaction,  then  the  reaction  either  continues  at  a  constant 
rate  or  at  a  decreasing  rate  imtil  it  is  no  longer  detectable. 

It  is  also  concluded  that  the  contribution  to  this  reaction 
by  the  shock  from  a  donor  charge  passing  through  a  barrier  to  the 
receptor  charge  is  a  function  of  the  initial  pressure  in  the  receptor. 
Although  the  significance  of  the  total  energy  in  the  pressure  pulse 
is  not  evident  in  these  experiments  it  is  being  investigated  further 
to  determine  its  role  in  the  total  reaction. 
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ABSTRACTi  Numerical  computations  have  been  carried 
out  which  depict  the  formation  and  structure  of  unsteady 
detonation  waves  in  solid  explosives.  Two  different 
methods  were  employed  in  the  calculations.  One  takes  into 
account  the  dissipative  mechanisms  of  heat  conduction  and 
viscosity  and  the  other  is  an  application  of  Lax's  method 
to  a  chemically  reacting  fluid.  A  simple  chemical  re¬ 
action  is  introduced  which  converts  solid  explosive  to 
gaseous  products  through  intermediate  states,  each  of 
which  has  an  appropriate  equation  of  state. 

A  piston  pushes  with  constant  velocity  against  one 
surface  of  a  chemically  inert  slab  whose  other  surface  is 
in  intimate  contact  with  a  semi-infinite  solid  explosive 
and  the  growth  of  the  resultant  shock  is  followed.  For 
sufficiently  strong  shocks,  the  chemical  decomposition  is 
initiated  and  the  shock  grows  into  a  detonation  wave. 

Other  sample  problems  involving  shock,  detonation,  or  rare¬ 
faction  waves  are  given. 

I .  INTRODUCTION 

In  this  paper  we  depict  the  formation  and  structure 
of  unsteady  one-dimensional  detonation  vuaves  in  solid  ex¬ 
plosives.  In  particular  our  attention  is  directed  to  the 
growth  and  str'ucture  of  the  reaction  zone,  the  coupling  of 
the  latter  with  the  shock  region,  and  the  critical  time 
necessary  for  growth  from  initiation  to  detonation. 
Hirschfelder  and  Curtiss  [1}  have  given  the  first  dis¬ 
cussion  of  steady-state  detonations  based  on  a  complete 
set  of  hydrodynamic  relations,  including  coefficients  of 
diffusion,  thermal  conductivity,  and  viscosity,  as  vwell  as 
chemical  kinetics.  They  computed  the  composition,  temper- 
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ature,  and  pressure  as  functions  of  distance  in  a  steady 
state,  plane  gaseous  detonation  in  which  the  Irreversible 
unimolecular  reaction  [A]  — ^  |,B]  takes  place  with  the  re¬ 
lease  of  energy.  Hubbard  and  Johnson  [21  have  utilized 
the  von  Neumann  and  Richtmyer  method  [5] ,  which  was 
originally  introduced  in  unsteady  shock  problems,  for  cal¬ 
culating  unsteady  detonation  waves  in  solid  explosives. 

This  method  involves  the  Introduction  of  a  psuedo-vlscosity 
term  into  the  hydrodynamic  equations  and  has  the  effect  of 
giving  the  correct  entropy  change  across  the  shock  front 
and  arbitrarily  limiting  the  width  of  the  shock  front  to 
several  mesh  size  thicknesses.  In  the  cases  that  they 
treated  it  was  found  that  the  hydrodynamic  motion  and  the 
release  of  chemical  energy  are  practically  independent  as 
a  consequence  of  the  extreme  temperature  sensitivity  of  the 
reaction  rate.  The  calculations  showed  that  for  a  given 
pressure  pulse  appllod  to  the  boundary  of  an  explosive, 
there  exists  a  well  defined  delay  time  before  a  detonation 
is  formed.  Should  the  pressure  pulse  be  of  such  finite 
duration  that  a  rarefaction  wave  reaches  the  explosive 
particle  before  it  has  been  maintained  at  high  temperature 
for  the  appropriate  delay  time,  then  there  v>rill  be  no 
detonation.  In  their  application  to  detonation  problems 
all  of  the  previously  mentioned  authors  [ 1 J ,  [ 2J  used  the 
same  equation  of  state  for  both  the  reactants  and  the 
detonation  products,  Ludford,  Polachek,  and  Seeger  [  4J 
have  obtained  numerical  solutions  for  unsteady  flow  con¬ 
taining  shocks,  in  a  perfect  gas,  in  the  absence  of  any 
chemical  reaction  or  heat  conduction. 


In  this  paper  we  consider  unsteady  one-dimensional 
detonation  waves  in  solid  explosives  where  for  the  first 
time  the  dissipative  mechanisms  of  heat  conduction  and 
viscosity  are  taken  into  account.  While  there  is  consider¬ 
able  doubt  that  the  notions  of  viscosity  and  heat  con¬ 
duction  can  be  used  to  describe  the  internal  mechanism  of 
the  shock  process  because  of  the  extremely  small  shock 
width  (  \o'^  ),  they  certainly  do  provide  a  process 

for  changing  the  entropy  across  the  shock.  If,  for  example, 
a  piston  is  driven  with  constant  velocity  into  a  fluid,  a 
shock  is  set  up  which  rapidly  takes  on  steady  state 
characteristics.  The  viscosity  and  thermal  conductivity 
will  determine  the  exact  shape  of  the  shock  front,  but  the 
characteristics  of  the  shock  a  sufficient  distance  behind 
the  front  are  independent  of  the  transport  properties  and 
do  Indeed  satisfy  the  Rankine-Hugoniot  relations.  It  has 
been  known  for  a  long  time  that  in  steady  state  solutions, 
the  smaller  the  viscosity  and  thermal  conductivity,  the 
steeper  the  shock  front.  Indeed  it  is  just  these  solutions 
which  cast  doubt  on  the  applicability  of  these  dissipative 
mechanisms  to  adequately  describe  the  shock  zone  for  at 
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least  strong  shocks.  If  however  deflagration  waves  are 
considered  then  the  transport  properties  must  play  an 
Important  role  In  determining  the  flow  [  5] .  While  we  will 
in  the  future  discuss  deflagration  and  transition  from 
initiation  to  deflagration  to  detonation  we  restrict  our¬ 
selves  now  to  detonation.  In  any  case  the  use  of  transport 
phenomena  should  be  at  least  as  applicable  as  the 
method  to  detonation  problems. 

Suppose  a  piston  is  driven  with  constant  velocity 
against  one  surface  of  a  slab  of  chemically  inert  material 
whose  other  surface  is  in  intimate  contact  with  a  serai- 
infinite  solid  explosive.  A  shock  will  form  and  rapidly 
approach  steady  state  values  as  it  moves  into  the  inert. 
This  situation  is  depicted  in  Fig,  1. 


What  will  happen  when  the  shock  reaches  the  inert-explo¬ 
sive  Interface?  For  simplicity  assume  that  the  equation 
of  state  and  the  physical  properties  of  both  materials  are 
Identical  (only  the  chemical  properties  are  different). 

As  the  shock  passes  over  the  inert  and  into  the  explosive 
it  heats  both  to  a  temperature  which  can  be  easily  calcu¬ 
lated  from  the  Ranklne-Hugonlot  relations  and  the  caloric 
and  thermal  equations  of  state.  Now  the  chemical  decompo¬ 
sition  of  the  explosive  is  governed  by  an  Arrhenius  term 
which  is  extremely  sensitive  to  temperature;  and  if  the 
latter  is  sufficiently  low  such  that  there  exist  only 
negligible  reaction  rates j,  then  the  steady  shock  merely 
propagates  into  the  explosive.  If  on  the  other  hand  some¬ 
where  in  the  shock  front  the  temperature  is  sufficiently 
high  so  that  there  do  exist  appreciable  reaction  rates, 
then  the  explosive  material  at  the  interface,  which  has 
been  heated  the  longest,  will  eventually  undergo  a  very 
rapid  exothermic  reaction.  The  pressure  in  that  region 
will  rapidly  increase  and  drive  a  shock  back  into  the 
inert  and  a  high  pressure  zone  of  chemical  reaction  will 
move  into  the  explosive.  This  is  the  process  of  initia¬ 
tion  to  detonation  which  will  be  discussed  quantitatively 
in  Section  V. 
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To  what  extent  do  the  transport  properties,  viscosity 
and  thermal  conductivity,  affect_^the  structure  of  the  deto¬ 
nation  wave?  Von  Neumann  i6j,  Doring  [7] j  and  Zeldovltch 
^  Independently  concluded  that  a  detonation  is  a  shock 
wave  followed  by  a  zone  of  chemical  reaction  provided 
transport  properties  are  neglected.  They  assumed  that  the 
time  for  reaction  to  take  place  Is  long  compared  to  the 
time  for  passage  of  the  shock.  If  this  assumption  Is  true 
It  should  not  make  very  much  difference  exactly  how  the 
shock  is  calculated,  l.e.  whether  transport  phenomena  are 
included  or  the  method  is  used.  In  the  examples  that 
were  considered  Hlrschfelder  and  Curtiss  [IJ  found  that 
there  exists  a  strong  coupling  between  the  reaction  zone 
and  the  shock  zone  when  transport  properties  are  included 
and  therefore  the  solutions  never  come  close  to  the  von 
Neumann  "spike".  If  the  coupling  is  strong  in  the  steady 
state  detonation,  must  it  have  been  strong  during  the 
Initial  stages  of  growth? 

We  now  briefly  describe  another  method  that  can  be 
used  for  unsteady  detonation  calculations.  This  consists 
of  applying  the  Lax  (9l  scheme  to  problems  Involving 
steady  one-dimensional  flow  with  chemical  reaction.  Lax 

has  described  a  finite  difference  scheme 

of  time  dependent  one-dimensional  compressible  fluid  flows 
contalning^strong  shocks.  The  novel  feature  of  this  method 
l^the  usi  of  the  conservation  form  of  the  hydrodynamic 
eauatlons  and,  to  a  lesser  extent,  the  particular  way  of 
differencing  the  equations.  Putting  the  Lagrangean  hydro- 
dynamic  equftions  in  conservation  form  for  the  plane  case 
Is  equivalent  to  writing  each  equation  In  the  form 


Ov  * 


7t  ~  ' 

where  A  and  F  are  dependent  variables.  The  finite 
difference  representation  is  taken  as 

^  [f  0f+6X,t)-FU-*x,t)^  . 

With  this  scheme  there  are  no  explicit  dissipative  mecha- 
n-i  «4ma  such  as  heat  conduction  or  viscosity,  or  a 
term,  yet  the  entropy  change  across  the  shock  is  correctly 
given. ^  We  have  Introduced  chemical  reaction  and  find  that 
the  scheme  also  enables  us  to  solve  unsteady  detonation 
oroblems  One  advantage  this  method  has  over  the 
Richtoyer  and  von  Neumann  and  viscosity,  heat  con¬ 

duction  methods  is  that  the  computational  time  is  appreci 
ably  less  than  either.  This  will  be  explained  In  further 
detail  in  Section  IV.  Just  as  the  ^  method,  the  Lax 
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scheme  arbitrarily  limits  the  width  of  the  shock  front  to 
several  mesh  thicknesses „ 

II.  HYDRODYNAMIC  EQUATIONS 

A.  Viscosity  and  Heat-Conduction  Scheme 


If  we  consider  the  irreversible  first  order  chemical 
reaction 


(2.1) 

[s]  — ^  [c^l , 

then  the  equations  of  one-dimensional  unsteady  flow  of  a 
viscous  heat-conducting  compressible  fluid  consisting  of 
species  [S]  and  may  be  written  in  the  Eulerian  form 

(2,2) 

1  pv  _  Biu. 

V  Pt  ~ 

(2.5) 

1  Pu  _ 

V  pt  “  V 

5  ^  ax  / 

(2.4) 

V  V  Pt  r  Di-J 

sxvgyil^  5'^Ux^ 

(2.5) 

e  -  e  (T^  caj-) 

(2.6) 

p  =  p(V,T^  ur) 

1 

(2.7) 

_L  _  -y 

ur  Pt  ^  ^ 

Pi  9i  ^  9X 

_ 

RT 

where  ,  V,  U.,  p,  e  ,  T  ,  ur^  yu  ^  X  ,  2  ^ 

respectively  the  time,  Eulerian  positionj,  specific  volumej, 
particle  velocity ^  pressure,  specific  energy,  temperature, 
mass  fraction  of  species  [S]  ,  coefficient  of  viscosity, 
thermal  conductivity,  activation  energy,  frequency  factor, 
and  specific  gas  constant.  Equations  (2.2), (2.5), (2.4), 
(2.5),(2.6)  and  (2,7)  are  respectively  the  equations  for 
the  conservation  of  mass,  momentum,  and  energy,  and  the 
caloric  and  thermal  equations  of  state,  and  the  chemical 
kinetic  equation  which  governs  the  conversion  of  unreacted 
solid  explosive  [si  to  product  gas[Ql  .  It  will  be 
assumed  that  ,  X  ^  ,  and  2.  are  constants. 
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For  one-dimensional  problems  it  is  more  convenient  to 
use  the  Lagrangean  form  of  the  hydrodynamic  equations  since 
they  reveal  where  each  particle  of  fluid  came  from  initial¬ 
ly  and  hence  supplies  more  information  than  the  Eulerlan 
form.  In  addition  shoclcs  and  moving  contact  discontinui¬ 
ties  can  be  more  easily  followed,  and  mass  Is  automatically 
conserved , 

To  transform  to  Lagrangean  coordinates  we  let  x  denote 
the  X  -coordinate  of  a  small  fluid  element  at  time  -t  =  o 
and  X  =  X(x,i)  denote  that  same  fluid  element  at  t  >  o  ,  so 
that  X  and  t  are  regarded  as  independent  variables.  In 
this  new  coordinate  system  Eqs.  (2.2)-(2.7)  are  respective¬ 
ly 

(2  8)  ^  =  V  — 

^[•axV'vFx/  \3^v 

(2.11) 

(2.12) 

e! 

(2.13)  If  =  -Zure“'^'" 

where  x  is  the  Lagrangean  space  coordinate  and  the 
subscript  o  will  always  refer  to  initial  values  which  in 
this  paper  will  be  assumed  to  be  constant.  The  value  of 
the  Eulerlan  position  X(x,t)  Is  found  from  the  relation 

(2.14)  =  «. 


The  equations  may  be  made  non-dimensional  by  the  transfor¬ 
mations 


(2.15) 


=  .  e=E  ^X.,T=eT., 

X'SL,x=«L 
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where  L  is  a  characteristic  length.  In  non-dimensional 
form  the  new  equations  are 

(2.16)  rr  ” 


(2.17) 


91; 


^  Ct  9C 

(2.19)  G"  ~  Q  9  “t" 

(2..C,  F=^|| 


(2.21)  E=  E(0,^) 

(2.22)  P:=P(G,9, 


(2,25) 


2^ur  e 


(2.24) 


B„  Lax  Scheme 

If  we  utilize  the  Lax  scheme  then  the  non-dimensional 
Lagrangean  equations  for  one-dimenstonal  unsteady  flow  of 
a  chemically  reacting  fluid  are 

(2  25)  ^ 


(2.26) 


(2.27) 


9a _ 

9tr  ■" 


(2.28)  r 


(2.29)  p  =  p(c,©,<^) 
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—  ii 

(2.30)  —  =  -2-»ure  ® 

(2.31)  II 


where  Eq.  (2.27)  can  be  obtained  from  Eqs,  (2.I7)  and  (2.l8) 
after  setting  F=0  and  Q- s  O 

C .  Initial  and  Boundary  Conditions 

The  initial  conditions  valid  for  0^4^!  are 


C%o)^  I  ^  p(s,o)  =1  ^  eU,o)  =1 ,  u,(S,o)  =1, 
uit.o) -o,  &a,o)'0,  f(^,£>)  =0,  s(e,o)-«,E&,o)=f^ 


where  Bf,  is  a  constant  which  depends  on  the  caloric 
equation  of  state,  and  the  Initial  particle  velocity  is 
assumed  to  be  zero. 


The  boundary  conditions  valid  for 


z  >  o 


are 


(2.35)  17(0,^)  =^17'"'  ,  U(\,t)  =  U 

(2.34)  FCo,tr)  =  0  ,  FO,r)  =0 


•at  ^  ^  ^ 


(2.35) 


~  ■=.  -VixT e 
2>r 

^  =u 


=  0 


iO 

6 


for  ^=0^1 


where  17^°^ and  U^'^are  taken  to  be  constants.  The  boundary 
conditions,  Eqs.  (2.33)  and  (2.34),  are  prescribe  while 
Eq.  (2.35)  are  implied  by  Eqs.  (2.33)  and  (2.34)  and  the 
differential  equations  (2.16)- (2.24) .  The  boundary 
condition  17(1, t) =  U  corresponds  to  a  piston,  initially 
at  a  distance  L  from  the  left  hand  piston,  moving  with 
constant  velocity  U  . 
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III.  EQUATIONS  OF  STATE 

When  a  detonation  wave  propagates  in  a  solid  explosive 
it  converts  the  solid  unreacted  material C^3  to  gaseous 
detonation  products [63  «  It  is  therefore  very  necessary 
to  describe  these  two  states,  and  In  fact  all  the  inter* 
mediate  states  (which  exist  since  the  detonation  Is  assumed 
not  to  take  place  Instantaneously),  by  appropriate  equations 
of  state.  This  can  be  done  In  the  following  very  simple 
manner  if  we  assume  that  the  specific  energy  and  volume  at 
any  point  vary  linearly  with  the  mass  fractions  of  solid 
explosive  and  gaseous  product,  l.e., 

(3ol)  V= 


(5o2)  e  =  uy  ^  (j-ur)  6^ 

^  ^ 

where  K  >  ^  specific  volume  and 

energy  for  the  pure  solid  and  gas  respectively.  We  now 
choose  for  t^e  caloric  and  thermal  equations  of  state  of 
the  unreacted  explosive  [S]  and  gaseous  detonation  products 
the  followings 


(5.5)  =  cj  + 

(5.4)  ~  J 


(5o5) 

(5.6) 


where  and  are  the  specific  heat  capactlles  of  the 
solid  and  gas  respectively,  and  are  the  heats  of 

formation,  and  ,  and  B  are  constants.  The  sub¬ 

script  o  as  usual  refers  to  Initial  values.  Eliminating 

%  t  g  %  »  and  between  the  six  equations  Eqs. 

(5.1)" (5.6),  and  defining 
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leads  to  the  non-ditnens tonal  caloric  and  thermal  equations 
of  state 

(3.8)  E  = 

(3.9)  G  =  w-  - - +  «> 

where  V  =  V  (since  initially  only  explosive  exists) 

and  e*  *ls  the  specific  heat  of  reaction.  It  is  of 

importance  to  recognize  that  Eqs.  (3.8)  and  (3.9)  give 
different  relationships  between  energy  and  temperature, 
and  pressure,  volume,  and  temperature  for  different 
mixtures  of  the  two  chemical  species  ISJ  and  tQj  ^i.e. 
for  different  values  of  ur  ). 

The  temperature  0  can  be  eliminated  between  Eqs. 
(5.8)  and  (3.9)  giving 


(3.10) 


E-uxE*  _  P(P-t^)G~  P 

yv\ur  •+-  n  (P+  \  L  +  K  P 


The  local  sound  speed  C  can  be  defined  by  the  thermo¬ 
dynamic  identity 


(3.11) 


9p  IE  -  V.  /p  IP  - 

=  9V  "l^v  SE  »c/ 


We  then  find 


(3.12) 


■  El...- 

p  ?JE  _  ^  =  I  G 

V  C  V"  ' 


X  ur  =:  » 


if  UTCO 


(3.13) 


ae  - 


ur^  I 


(o-  -C> 
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which  are  quantitites  that  will  be  needed  In  Section  IV 
when  we  discuss  the  stability  of  the  finite  difference 
equations, 

IV,  FINITE  DIFFERENCE  EQUATIONS 
A,  Viscosity  and  Heat  Conduction  Scheme 


In  order  to  carry  out  the  numerical  solution  of  Eqs, 
(2,16)=(2,24),  they  must  be  replaced  by  an  equivalent 
system  of  finite  difference  equations.  The  exact  form  of 
these  equations  is  of  course  governed  by  stability  con= 
siderations  and  a  stability  analysis  as  proposed  by  von 
Neumann  must  be  carried  out  in  order  to  verify  that  small 
errors  will  not  grow  during  the  computations.  The  follow¬ 
ing  set  of  difference  equations  was  used  for  the  numerical 
calculations j 


(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 


mi 

- 

o 

II 

At 

Z&^ 

7  f 

c 

At 

u.  - 

J 

-  — 

J 

ZA4 

- 

•en 

AT 

G"" 

J 

<x 

2A| 

t 

h 

J 

_  t> 

1 

cr^‘ 

■'jH  j-<  / 


.yp«  >■<  / 


(6"' -6"") 
J-W  J-)  ' 


9^”  =  6  (er.  w.“") 

p-^pCC.er.  "D 


kjr  =r 


Cui: 

7-  J 


)  e 


where  we  use  the  notation 


.  i 


T  =  rt  At 


nr  0,  (,  2, 


ete. 
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For  our  particular  problem,  ,  and  ^  ,  in  Eqs.  (2.21) 

and  (2.22)  are  evaluated  from  Eqs.  (3.8)  and  (3.9).  The 
system,  Eqs.  (4.1)-(4.9),  Is  as  a  whole  correct  to 

Oitt)  4-  ,  and  the  system  is  explicit  provided 

the  quantities  are  solved  for  in  the  proper  order.  If  all 
the  variables  are  known  at  t's  Y\/yt  and  there  are  boundary 
conditions  at  j=0  and  j- J  s  then  the  values  at  the  new 
time  can  be  computed  in  the  following  orders 


U; 


A^-l 


s;-,c.  .G.-,  u,-  ©r,  r.  t'> 

An  analysis  of  the  stability  of  Eqs.  (4.1)- (4.9)  has 
been  carried  out  and  the  results  Indicate  that  In  the 
normal  region,  l.e,  the  region  where  the  Y^scoslty,  heat 
conduction,  and  chemical  reaction  are  negligible,  the 
solution  Is  stable  provided  the  following  criterion  is 


A4l 


satisfied 


(4.10) 


fiia);-®)'] 


At 


^  I 


Here  At  is  the  time  step  from  t 
term  In  brackets  has  already  been  evaluated  In  Eq.  ^3.12;. 
In  the  shock  region,  l.e.  the  region  where  the  viscosity 
and/or  heat  conduction  dominate  and  the  chemical  reaction 
Is  negligible,  the  stability  criterion  Is 


(4.11) 


Ar 


C'M 


,4  2  V  c;^j  J 


<  z 


In  the  detonation  region,  l.e.  the  region  where  the  chemi¬ 
cal  reaction  Is  so  rapid  such  that  a  relative  change  in 
mass  fraction  of,  say,  0.1  occurs  in  a  time  step  which  Is 
neff:lifl:ible  compared  to  the  hydrodynamic  time  step  as  de- 
termlned  by  Eqs.  (4.10)  or  (4.11),  the  stability  criterion 
is  determined  by  the  condition 


(4.12) 


ur. 

i 


-or. 


n't-! 


6  €  ^ 


O  k  6^  <  I 


where  €„  is  a  small  number  which  may 
time  step  If  desired.  This  leads  to 


(4.13) 


AT  ^ 


(2-OV 


e 


depend  on  the 
the  condition 
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A  condition  which  appears  to  be  sufficient  to  insure 
stability  is 


I 


where  the  criteria  for  the  normal  and  shock  regions  have 
been  combined, 

B „  Lax  Scheme 

The  appropriate  set  of  difference  equations  is 


(4.18)  ep  =  0( 

(4.19)  f^“'=p(cr,6r'.«i”0 

fii 

-VAT  uf”  e  ^ 
Ar  II". 


(4.20) 

(4.21)  = 


The  stability  criterion  valid  everywhere  is 


/ I  \ 

If  &Z  as  chosen  by  Eq.  (4,22)  makes  ax  < 


,  set  w. 

i 


Comparing  Eqs,  (4.14)  and  (4,22),  it  is  seen  that  the 
Lax  scheme  allows  for  the  use  of  much  larger  time  steps, 
since  Eq,  (4,11)  is  a  much  moi-e  restrictive  criterion  than 
Eq,  (4,10)  when  shocks  are  present. 
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C.  Initial  and  Boundary  Conditions 

The  initial  conditions  valid  for  j  =  l, Z  ,  • • * ,  J  are 


(4.25)  Cj=P'’=ef  =  ‘^/=l,  U.=Gj=F.'’=0,Sj=j<i4.  kj’  =  wv+»\+E 
The  boundary  conditions  valid  for  n>0  are 


f;=  f;=o 

,  R,“=  IT  ('«?;-■» Pt>  2 p;,) 

e%i(re0:-'i©>2e;) .  e;. 

Gr;  --  i(i«e-s(5>2  a: ) ,  g;- 

ujr**=:  1  vM (u^Vttr^''")e  +^-)e  ®r 

E;=(wle;VE♦)u^;+.^6; ,  e^  =  Ue;+E*)u^"-i-w6~ 

^  =  s;-*i4-^(u;.ur) ,  i^Cu.vv/'). 

is  obtained  by  expanding  ^  ^  ^ 

Taylor  series  about  the  point  and  keeping  terms  up  to 

OQi') .  We  then  solve  for  terms  of  ^  P|  , 

P;  ,  P,"  and  then  set  0  to  give  the  desired 

result.  In  similar  manner  we  obtain  .»  >  o  >^T  > 

and  ^  . 
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V,  SAMPLE  CALCULATIONS 

In  order  to  demonstrate  the  feasibility  of  carrying 
out  the  solution  of  one-dimensional  flow  problems  involv¬ 
ing  detonation  waves  by  the  proposed  techniques ,  sample 
calculations  were  performed „  In  all  the  calculations  the 
following  data  were  useds 

J=1C0  J  Uj  sO  ,  M-O,  !,•••“  ^  ^ 

Inert  and  unreacted  explosive;  |S  =  (0  ^  K=  x  !0  ^ 

'  4- 

ss  X  10 

Explosives  wsSO  ^  E  ^ 


The  initial  conditions  are  given  by  Eqs,  (4.23).  The 
boundary  condition  corresponds  to  a  rigid  wall  at 

a  distance  L  from  the  initial  position  of  the  left  hand 
piston. 


Case  1 

Type  of  problem;  Shock  in  a  chemically  inert  material. 

Boundary  conditions;  ,  n>0 

Constants;  a.  =  |0  ,  b=0,V  =  0 

A  chemically  inert  material  is  contained  by  a  moving 
piston  and  a  rigid  wall. 


Case  2 

Type  of  problems  Shock  initiation  to  detonation  at  inert- 

explosive  interface. 

Boundary  conditions;  ~  ,  n>o 

1  fO  if  06  j  ^  29 

Constants;  Ct  =  t0,b  =  0  vsJ 

*  '  I  (0  if  306  j  &  100 

The  situation  depicted  here  corresponds  to  a  com¬ 
posite  material  of  identical  equation  of  state  and 
physical  properties,  where  the  chemically  inert  material 
lies  in  the  region  and  the  explosive  is  con¬ 

tained  in  0.36^6  1  ,  A  piston  moves  with  constant  veloci¬ 
ty  into  the  inert,  and  a  rigid  wall  contains  the  explosive. 
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Case  5 

Type  of  problem:  Shock  Initiation  to  detonation  near 

inert-explosive  interface. 

Boundary  conditions:  ^  n>o 


Constants:  a  =  4^b=5’)f(0 


V  = 


If  06  j  6  i9 


12 


5" x(0  ‘  If  306 J  6  too 


Case  4 


Type  of  problem:  Shock  initiation  to  detonation  near 

inert-explosive  interface. 

Boundary  conditions:  ^  =l\9.loi  ,  v\>o 

1  .  -r  1  O  If  06 j  6  29 

Constants:  a=+,b=5‘x'' 


Case  5 

Type  of  problem:  Shock  initiation  to  detonation  at  inert- 

explosive  Interface. 

n  019.101  If  t  6  0.000896 
Boundary  conditions:  M,  =  |  o  if  tr>o.o6o«9fc 

O  if 

X(o'^  if  396/ S  106 

A  piston  moves  with  constant  velocity  into  the  inert 
and  after  a  finite  time  is  suddenly  stopped. 


Constants 


:  ot  =  lo^  t  =  o  ^ 


Case  6  (Lax  Scheme) 

Type  of  problem:  Shock  initiation  to  detonation  in  an 

explosive . 

Boundary  conditions:  ^  =  198.241 

A  piston  moves  with  constant  velocity  into  a  solid 
explosive  which  is  confined  by  the  piston  and  a  rigid 
wall. 


In  computations  involving  the  use  of  viscosity  or 
heat  conduction^  the  use  of  realistic  values  for  the 
transport  phenomena  demand  that  the  characteristic  mesh 
size  used  in  the  numerical  solution  be  of  the  order  of 
the  shock  thickness  in  gases  [4]  or  a  few  angstroms  in 
solids.  Since  this  is  impossible  for  practical  problems, 
then  and  X  must  be  made  larger  by  at  least  several 
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orders  of  magnitude  if  the  mesh  width  is  to  take  on 
reasonable  size.  It  has  been  found  experimentally  (nu¬ 
merical  experimentation,  that  isl)  that  for  the  equations 
of  state  used  here,  the  values  of  a-  and  b  that  lead  to 
stable  shocks  are  approximately  ofC'Oo')  and  C/Oo  > 
respectively. 

For  the  piston  velocity  given  in  Case  1  we  compute 
the  steady  state  values  behind  the  shock,  shown  in  Fig.  2, 
to  be  0.7IZ  ^  S.feS  .  These  compare  with 

the  values  f>=i.34S64x(0*;(!  =  eT27;i7,  0„=?.7‘r75-‘f  which  are  obtained 

from  the  solution  of  the  Ranklne-Hugoniot  equations. 
Actually  the  values  very  close  to  the  piston  are  not  those 
quoted  above  but  we  find  that  C  and  0  are  about  10^  and 
195^  too  large  respectively.  This  type  of  behavior  is  also 
common  to  the  method  and  can  be  readily  understoo 
when  it  is  noted  that  a  linear  or  quadratic  viscosity  term 
gives  rise  to  an  abnormally  high  energy  production  in  the 
region  of  a  velocity  discontinuity.  Notice  that  in  Case  1, 

In  Case  2,  where  the  thermal  conductivity  is  equal  to 
zero,  the  first  explosive  particle  that  is  heated  by  the 
steady  shock  crossing  the  interface  must  go  to  complete 
reaction  first.  This  is  clearly  shown  in  Fig.  5. 
value  of  V  is  sufficiently  large  so  that  reaction  starts 
and  goes  to  completion  in  the  shock  region.  The  detona¬ 
tion  progresses  to  the  right  while  a  shock  travels  back 
into  the  inert. 

In  Case  5  the  value  of  V  is  chosen  so  that  appreci- 
able  chemical  reaction  starts  only  after 
zone  has  heated  the  explosive  particle.  While  the  inter 
face  is  first  to  react,  heat  conduction  to  the  inert  soon 
controls  the  temperature  rise  and  complete  ggj  g 

occurs  at  some  interior  explosive  ^3^0^^ 

here  goes  up  to  about  at  r-o.oofso2^&  as  shown 

in  Fie:  4  A  rarefaction  wave  lowers  the  pressure  at 
thaffolnt  as  Socks  move  toward  the  right  and  left.  The 
SIL?  shocks  impress  and  bring  about  complete  reaction 
of  the  neighboring  partially  reacted  explosive  particle 
which  gStS  hlghe?  pressures.  Hence  the  pressure  curves 
contain  a  valley,  a  situation  which  did  not  occur  in 
Case  2  where 

Having  in  Case  5  has  an  effect  on  the  steady 

state  values  of  the  inert  particles  near  the  piston  in  a 
Dure  shock.  The  Rankine-Hugonlot  equations  lead  to  the 

dimensionless  piston  velocity  Lr=in.(ol,  Comparing 
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Case  1 


On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  =  0,2,4,,... 
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On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  = 


0  05  0.1  o.'i  0.4  0.5  0.6  dr  0.^ 

S 

Figure  3<>  Pressure  P  vs.  Eulerian  position  S  for  various 
values  of  the  time  r  . 
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Case  3 


On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  =  0,2,4,.... 


5 


Figure  4.  Pressure  P  vs.  Eulerlan  position  S  for  various 
values  of  the  time  r  . 
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these  values  with  computed  values  for  the  shock  profile 
shown  in  Table  we  see  that  even  in  the  region  of  piston, 
there  is  very  good  agreement  in  contrast  with  what  is  found 
when  A = 0 »  This  can  be  explained  as  follows.  We  have 
already  noted  that  the  viscosity  terms  lead  to  abnormally 
high  energies  in  the  neighborhood  of  a  velocity  discontinui¬ 
ty,  These  high  energy  gradients  can  be  considered,  by  use 
of  the  caloric  equation  of  state,  as  abnormally  high 
thermal  gradients  which  in  turn  tend  to  remove  the  excess 
energy  by  heat  conduction  to  the  colder  regions.  Therefore 
while  the  temperature  gradients  are  also  falsified,  they 
tend  to  compensate  for  the  viscosity  effect.  By  proper 
adjustment  of  the  values  of  a  and  So  ,  the  correct  values 
for  the  state  variables  can  be  found  near  the  piston. 

Finding  the  correct  value  of  the  temperature  near  the 
piston  is  very  Important  for  problems  where  the  piston 
strikes  a  highly  temperature-sensitive  explosive  surface 
directly.  For  if  the  temperature  is  falsified  in  the 
direction  of  too  high  a  value,  as  is  done  when  we  let 
A  =  0  ,  or  even  more  so  when  the  method  is  used,  then 
detonation  may  occur  when  in  reality  the  shock  temperature 
is  not  sufficient  to  cause  it. 

Comparison  of  Figs,  4  and  5  representing  Cases  5  and 
4  respectively  shows  the  effect  of  increasing  the  value  of 
V  so  that  complete  reaction  takes  place  in  the  shock  zone. 
In  Case  4  the  reaction  zone  (l,e,,  the  zone  where 

0.0©!^ 0.‘?1‘5)is  never  spread  out  over  more  than  five  or  six 

particles.  For  Case  5,  by  the  time  the  computation  has 
reached  r  =  o.ooi <!}-4  io<?  (see  Fig.  4),  the  reaction  zone 

has  been  compressed  to  encompass  two  particles.  Initially 
it  was  very  much  larger  as  can  be  seen  from  Table  II  where 
the  mass  fraction  of  unreacted  explosive  ur  at  different 
particle  numbers  j  is  given  for  different  values  of  Z  , 
Those  points  J  such  that  o<ur.’^<  «  and  that  lie  to  the 

right  of  the  zone  of  complete  reaction,  are  in  the  shock 
zone , 


In  Case  5  the  head  of  the  centered  rarefaction  wave 
reached  the  interface  at  the  time  the  latter  had  already 
undergone  about  5^  reaction  (  o-oeia)  )  ,  The 

reaction  was  already  extremely  rapid  so  that  it  could  not 
be  quenched  by  the  rarefaction  wave.  The  interaction  of 
the  rarefaction  wave  and  the  detonation  wave  during  the 
initial  stages  of  growth  of  the  latter  is  shown  in  Fig,  6, 

In  Case  6  we  have  extended  the  Lax  scheme  to  detona¬ 
tion  problems.  The  value  of  2/ =  (0®  is  sufficiently  small 
so  that  as  the  shock  travels  through  the  explosive,  the 
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^  CM  OJ  H  m  (JsCO  m  H  {>-CU'^(Mr^^-CjNCJ\C\i  Lr\^  iH  h  h 

!  K^K^K^K^K^r<^-::t  t— K^O^0J  O  rH  O  O  O  O 

L.  VOvO'.OvOvi^vOMDvDvO  mr^vo  •HVO  LTv'X^'vO-^t  0JCJ^CVIOOOOO••O 

rH  rH  rH  rH  rH  rH  rH  rH  rH  pH  rH  O  LTNOO  VO  pH  0^  O  O  O  O  O  O  O  O 

O  vDv£)vX)VO'vi)  r^OJ 


0) 

pH 

o 

.. 

a>  CD 

B 


CM  Lnr<^rH  OMA^  t-inH  hcd  kn'O  Lnt:-rH  cvj  o  o  o  o  o 

CTkONOrHHCVlCMCMHHOCri^-OJrH  KM>-Ln^  itJ  2  9  9  9  2  2 
CTvC^OOOOOOOOO  (TvONCTncO^  K\H00000000 

HpHCVJCMOJCVJCMOJCVJCMCVIrHHHpHHrHrHrHrHrHpHHrHrHrH 


V®  r->. 

O  ^ 

O 


H  c\J  rPvrov.Nr\c\JCvjaNrHOrHOOcx)ootr-OJOJC7N^OOOO  O 

a^o^c7^o^c^a^cy^o^a^  cncx)  cx)  vo  ph  o  h  or<^oooooo  o 

rH  rH  rH  rH  rH  rH  rH  rH  rH  rH  rH  rH  rH  rH  O  CDO  Lf^  CM  rH  O  O  O  O  O  O  O  ♦  ®  O 
rHrHrHrHrHrHrHrHrHrHrHrHrHrHrH 


^00'sDj:tCMHrHHCMr^rOvH-:t00V0CM  OvOrHOOOOO  O 
O  a^CJ^CJ^Cr^C7^CJ\C?^C^^C3^CJ^C^OOv£>  \<\CO  HtnCMOOOOOOO  o 

rOvCMCMCVJ0JCMCMCVlCMCVjCMCMCMCMCMrHrHOOOOOOOOO*»O 


rHrHrHrHrHrHrHrHrHrHrHpHrHrHrHrHrHrHrHrH 


rH  rH  rH  rH 


^  O\vr\C0  CMC^CMVOrHCOOmO  rHLPiCTNpo^OOOOOOO 

rHMD  CM  ONLnOVDrHt^CMOOLnCMQOOOOOOOO 

0-00  O  H  CTs rH  CM -=t  LPi 0-00  O  CM^MDOO  O  CM^VDOO  O 

OOrHHHiHrHHrHCMCMCMCMCMCMr<^r^M^r<A  ^  ^  ^  lA 


OCMJd-VOOOOCM^vDOOOCM^CDOOOCM-H-vOOOOCM-ztvOOOO^^O 
HrHHrHrHCMCMCMCMCMrAfArArA  ^  -=1-  ^  ^  LA  O 
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On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  =  0,2,4j,.oe 


Figure  5o  Pressure  P  vso  Eulerlan  position  S  for  various 
values  of  the  time  t  » 
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Size  of  the  Reaction  Zone  for  Different  Values  of  r  for  Case 
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Case  5 


On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  *  0,2,4, 


0  6.1  02  0.^  O-t  o.r  O.b  0.7 


Figure  6,  Pressure  P  vs,  Eulerlan  position  S  for  various 
values  of  the  time  r  » 
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chemical  reaction  behind  the  shock  zone  is  quite  slow. 
Eventually  a  high  pressure  region  of  reaction  forms  ahead 
of  the  piston  and  well  behind  the  shock  front  as  is  shown 
in  Fig.  7.  This  high  pressure  region  rapidly  catches  up 
to  the  shock  front  during  the  transition  to  steady  state. 
The  detonation  wave  is  reflected  off  the  rigid  wall  as  a 
shock  since  all  of  the  explosive  has  already  been  converted 
to  detonation  products.  The  steady  state  values  for  the 
dimensionless  density,  temperature,  and  pressure  are  1.3^, 
6.15,  and  1.66  X  10^  respectively.  These  compare  with  the 
Chapman- Jouguet  values  of  and  1.569  x  10-^,  It 

Is  felt  that  the  correspondence  between  the  two  sets  of 
values  can  be  further  improved  by  a  more  Judicious  choice 
of  the  finite  difference  representation  of  the  boundary 
conditions  for  the  Lax  scheme. 

Concerning  the  question  of  critical  time  necessary 
for  growth  from  initiation  to  detonation,  all  our  numerical 
calculations  indicate  that  for  one -dimensional  problems  if 
as  little  as  one  or  two  percent  of  the  explosive  has  re¬ 
acted,  then  a  detonation  wave  will  be  established  and  will 
not  be  quenched  by  any  reasonably  strong  rarefaction  waves 
which  may  appear  on  the  scene.  Just  as  has  been  found  by 
Hubbard  and  Johnson  C 2 1,  we  find  that  for  very  temperature 
sensitive  reactions  the  time  necessary  to  react  the  major 
portion  of  the  explosive  is  small  compared  to  the  hydro- 
dynamic  time  step  necessary  to  influence  motion. 
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Case  6 


s 

Figure  Jo  Pressure  P  vso  Eulerlan  position  S  for  various 
values  of  the  time  t  . 
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INITIATION  OF  A  LOW -DENSITY  PETN  PRESSING  BY  A  PLANE  SHOCK  WAVE* 


Go  Eo  Seay  and  L.  B.  Seely,  Jr. 
Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 


The  initiation  of  explosives  by  shocks  has  been  studied  most  ex¬ 
tensively  by  means  of  various  gap  sensitivity  tests  (l-3)  where  in 
general  the  geometry  is  somewhat  complicated «  Usmlly  such  tests 
employ  non-planar  shocks  with  large  pressure  gradients  behind  the 
front,  and  give  results  only  in  terms  of  the  maximum  thickness  of  the 
gap  material  which  can  cause  detonation  of  the  explosive.  In  princi¬ 
ple,  however,  it  should  be  possible  to  define  the  conditions  of  the 
initiating  shock  in  the  explosive  itself  (4,5).  Tests  in  plane  geome¬ 
try,  which  can  be  designed  for  easier  characterization  of  the  shock, 
have  been  made  on  homogeneous  explosives  (6,7)  and  on  high  density 
solid  explosives  (8,9).  For  explosives  pressed  or  cast  to  high  densi¬ 
ties,  the  importance  of  the  discontinuities  in  the  material  is  not  in 
every  case  clear,  there  being  some  evidence  that  the  type  of  initi¬ 
ation  and  even  the  mode  of  propagation  change  as  the  density  ap¬ 
proaches  that  of  the  crystal.  Our  interest  lies  in  the  sensitivity  of 
granular  explosives  pressed  to  low  densities,  where  the  spaces  between 
the  particles  constitute  a  large  fraction  of  the  total  volume  of  the 
pressing.  Here  the  interstitial  gases  or  the  discontinuities  might  be 
expected  to  play  an  important  part  in  the  initiation  process.  We  have 
conducted  tests  on  granular  PETN  pressed  to  a  density  of  1.0  gm/cm  , 
corresponding  to  about  44^  voids  in  the  pressing.  It  is  the  purpose 
of  this  paper  to  present  our  first  results  and  to  discuss  some  of  the 
difficulties  involved  in  characterizing  shocks  in  pressings  of  this 
density. 


*  This  work  was  performed  under  the  auspices  of  the  U,  S,  Atomic 
Energy  Commission, 
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EXPERIMENTAL 

The  experiments  were  carried  out  on  wedge-shaped  (6,9)  PETN 
charges  using  a  streak  camera  to  record  the  initiation  phenomena.  A 
shock  was  produced  by  a  special  plane -detonation -wave  generator  and 
reduced  to  the  proper  pressure  by  means  of  impedance  mismatching  in  an 
attenuator  system.  The  surface  of  the  attenuator,  on  which  the  wedge 
was  placed,  was  Illuminated  by  an  explosive  argon  flash  (10-12)  so 
that  the  time  of  entry  of  the  shock  into  the  wedge  could  be  determined 
from  the  start  of  motion  of  the  attenuator  surface.  The  appearance  of 
first  light  from  the  PETN  was  taken  to  indicate  the  onset  of  detona¬ 
tion.  Thus,  we  could  determine  the  average  velocity  of  the  initiating 
disturbance  and  the  distance  it  traveled  into  the  charge  before  the 
detonation  tecame  apparent. 

The  Shock  System 

It  is  possible  to  initiate  explosives  by  means  of  a  shock  wave 
whose  front  has  almost  any  shape  in  space  and  for  which  the  pressure 
in  the  region  behind  the  front  drops  in  almost  any  way  with  time,  but 
in  general  these  characteristics  of  the  wave  are  expected  to  affect 
the  peak  pressure  necessary  for  initiation.  For  simplicity  we  desired 
a  plane  shock  front  followed  by  a  constant-pressure  region  for  the 
duration  of  the  experiment,  and  in  fact  close  approximations  to  both 
of  these  ideals  were  achieved.  The  shock  system  is  sketched  in  Fig.  1. 


Fig.  1  Charge  Arrangement  for 
PETN  Wedge  Experiments. 


An  8"  diameter  plane  wave  generator  of  the  type  described  by  J.  H  Cock 
(13)  was  used  to  form  a  detonation  wave  which  was  plane  to  about 
±0.12  mm.  Since  a  comparatively  low  pressure  is  sufficient  to  initi¬ 
ate  PETN,  76/24  Ba(N02)2/H^  (Baratol),  which  has  a  detonation  pres¬ 
sure  of  about  l40  kb,  was  used  for  the  main  charge.  A  one-inch  thick¬ 
ness  of  SAE  1020  steel  was  placed  on  the  Baratol.  On  this  was  placed 
a  mismatch  material,  usually  Lucite,  in  which  the  wave  produced  a 
pressure  of  about  30  kb.  The  next  component  in  the  attenuator  was 
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brass  [GoM  Cu,  39.3^  Zn),  in  which  a  pressure  of  about  60  kb  ^as 
produced.  The  PETN  wedge  sat  on  the  surface  of  this  brass,  but,  be¬ 
cause  of  the  mismatch  at  the  brass -PETN  interface,  the  pressure  in  the 
wedge  was  only  a  few  kilobars. 

Various  attenuators,  designed  on  this  general  plan,  were  evalu¬ 
ated  in  detail  by  use  of  an  optical  method  for  the  measurement  of  free 
surface  motion  developed  by  Craig  and  Davis  (l4)  As  shown  in  2, 

a  wire  (or  other  object  with  a  well-defined  edge)  is  placed  above  the 
surface  to  be  measured  and  viewed  at  an  angle  with  a  streak  camera. 

The  surface  is  illuminated  by  an  argon  flash  so  that  the  wire  and  its 
image  on  the  polished  surface  can  be  photographed.  When  the  surface 
begins  to  move  in  the  direction  of  the  shock,  the  virtual  image  behind 
the  surface  will  appear  to  move  across  the  camera  slit  toward  the 
wire^  If  ve  know  the  magnification  the  camera  angle  9^  and  the 
angle  d.  which  the  moving  image  makes  with  the  wire  on  the  film,  then 
the  free  surface  velocity  is 

U  tan  d 
c _ _ 

^fs  2M  sin  9 


where  is  the  camera  writing  speedy  Imperfections  on  the  polished 


surface  move  at  one-half  the  speed  of  the  image  of  the  wire,  and  can 
sometimes  be  used  for  measurements.  Traces  of  such  imperfections  wi 
show  sudden  bends  at  the  onset  of  free  surface  motion,  and,  when  there 
are  many  of  them  across  the  surface,  they  can  be  used  to  examine  the 
planarity  of  the  shocks. 

Bv  use  of  the  quite  accurate  approximation  (l5)  that  the  particle 
velocity  U,  in  the  brass  is  one-half  the  measured  free  surface  veloci¬ 
ty  Uf.,  the  shock  pressure  P  in  the  brass  plate  was  deduced  f^om  the 
published  data  on  the  Hugoniot  for  brass  (l6).  It  can  be  assumed  that 
in  most  practical  shock  systems  the  pressure  will  drop  to  some  extent 
behind  the  shock  front.  Such  a  falling  pressure  contour  should  pro¬ 
duce  a  gradual  lowering  of  the  peak  pressure  as  the  wave  progresses 
through  a  material.  However,  measurements  of  the  free  surface  veloci¬ 
ty  fo?  thicknesses  of  brass  between  l/V  and  3/V'  showed  no  detectable 
change.  This  indicated  that  the  falloff  in  pressure  produced  a  free 
surface  velocity  effect  that  lay  within  our  experimental  reproduci¬ 
bility,  and  from  this  we  have  estimated  that  the  pressure  decreased 
less  than  ht  as  it  travelled  through  this  l/2  thickness  of  brass. 


The  peak  pressure  was  varied  by  changing  the 
or,  when  using  Lucite,  by  changing  its  thickness, 
method  of  adjusting  the  pressure  probably  depends 
of  the  pressure  drop  postulated  above. 


mismatch  material 
The  thickness 
on  the  existence 
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Fige,  2  Diagram  of  the  Experimental  Arrangement.  A  streak  camera 
record,  printed  as  a  negative,  has  been  positioned  so  as 
to  show  corresponding  features.  A  wire  and  its  image  in 
the  polished  brass  surface  are  used  to  determine  the  free 
surface  velocity.  The  irregular  line  on  the  part  of  the 
film  corresponding  to  wedge -face  is  the  detonation. 
Irregularities  are  ascribed  to  uneven  initiation  across 
the  surface  of  the  shock  within  the  PETN  pressing. 


565 


Seay  and  Seely 


Explosives 

In  order  to  perform  experiments  at  low  density  by  the  wedge 
technique  it  was  necessary  to  obtain  an  explosive  in  a  crystal  form 
that  would  press  easily  to  a  reasonably  uniform  density  and  produce 
a  pressing  strong  enough  to  permit  shaping  and  handling.  We  also 
wished  to  pick  a  material  that  coxild  be  or  had  been  studied  (6)  in 
the  form  of  homogeneous  large  crystals.  We  believed  there  would  be 
some  advantage  in  using  low  shock  strengths  so  that  the  contrast  with 
the  single  crystal  work  would  be  striking.  The  sensitivity  of  low 
density  PETN pressings  recommended  them  on  this  score.  There  is  a  con¬ 
siderable  amount  of  information  on  the  crystallization  of  PETN  (l?). 

By  fairly  rapid  crystallization  long  thin  and  irregular  crystals  can 
be  produced  which  have  a  low  bulk  density  and  might  be  expected  to 
press  well.  For  all  these  reasons,  PETN  was  chosen  for  study.  Pre¬ 
cipitation  was  accomplished  by  adding  water  to  an  acetone  solution. 
This  gave  elongated  prismatic  crystals,  somewhat  twinned,  a  good 
fraction  having  re-entrant  cavities  along  the  main  axis  of  the 
crystal.  The  specific  surface,  as  measured  with  an  air  permeability 
apparatus,  was  about  3000  cm2/gm.  Wedges  were  fabricated  by  pressing 
such  PETN  to  a  density  of  1.0  gm/cm3  in  cylindrical  pellets  in  a 
special  die.  This  die  could  be  partially  disassembled  so  that  the 
PETN  contained  in  the  remaining  section  could  be  shaved  into  a  wedge 
at  an  angle  of  19.5  degrees.  The  wedge  was  then  removed  from  the 
second  die  section. 

The  first  experiments  were  attempted  with  the  PETN  wedge  sur¬ 
rounded  peripherally  by  a  part  of  the  steel  pressing  die,  but  after  a 
method  had  been  developed  for  removing  the  wedge  from  the  die  it  be¬ 
came  clear  that  the  die  had  perturbed  the  shock  sufficiently  to  give 
erroneous  results i  In  some  early  experiments  a  mirror  was  used  on  the 
angled  wedge  surface  in  the  hope  that  it  would  permit  observation  of 
the  initiating  disturbance.  This  also  was  shown  to  give  results  that 
were  misleading.  Low  density  pressings  of  PETN  are  probably  especial¬ 
ly  sensitive  to  these  effects,  since  the  velocity  of  the  initiating 
shock  is  so  low.  The  abandonment  of  mirrors  and  similar  materials 
over  the  surface  of  the  wedge  meant  that  most  of  the  experiments  were 
performed  in  such  a  way  that  the  initiating  shock  could  not  be  ob¬ 
served  in  the  PETN,  since  it  was  so  weak  as  to  be  non-luminous . 
Therefore,  we  have  measured  the  time  and  distance  from  the  entry  of 
the  shock,  as  shown  by  the  start  of  surface  motion  of  the  brass,  to 
the  start  of  detonation,  as  indicated  by  the  first  appearance  of  light 
Intense  enough  to  be  recorded  by  our  camera. 
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RESULTS 

A  diagram  of  the  experimental  setup  is  shown  in  Fig*  2  together 
with  a  print  of  a  typical  camera  record.  Data  from  the  experiments 
are  presented  in  Table  I.  The  values  of  Brass  Free  Surface  Velocity 
could  he  determined  to  within  about  ±5"^.  The  greater  variation  among 
the  thi^ee  free  surface  velocities  for  1  l/2"  thick  Lucite  is  believed 
due  to  wave  tilt  introduced  by  the  use  of  two  3/^”  pieces  that  had  not 
been  selected  for  flatness .  Data  in  the  Depth  of  Initiation  and  Time 
of  Initiation  columns  were  obtained  by  measuring  the  position  and  time 
where  light  was  first  recorded  from  the  PETN.  This  was  a  difficult 
point  to  measure,  and  it  could  not  be  done  with  much  accuracy.  Never¬ 
theless,  the  accuracy  is  siofficient  to  permit  determination  of  the 
conditions  under  which  the  depth  of  initiation  becomes  very  large. 

The  liaminous  trace  from  the  wedge  was  identified  as  a  detonation 
by  comparison  with  strongly  initiated  wedges.  In  the  first  three 
shots  listed  in  Table  I  the  initiating  shocks  were  strong,  the  delays 
were  so  short  as  to  be  almost  obscured  by  the  toe  of  the  wedge,  and 
the  light  from  the  waves  travelled  across  the  wedge  with  nearly  con¬ 
stant  velocity  (corresponding  to  5.8,  5.7,  and  5*7  mm/sec  through  the 
pressing  for  shots  1,  2,  and  3  respectively).  We  therefore  assumed 
that  the  self-luminous  disturbance  was  in  fact  a  detonation  wave  even 
when  determination  of  the  velocity  was  impossible.  The  irregxilarity 
of  some  traces,  an  example  of  which  is  given  in  Fig.  2,  is  taken  to 
mean  that  the  initiation  did  not  take  place  simultaneously  over  the 
surface  of  the  shock  wave  in  the  low  density  PETN  pressing.  This  is  a 
cause  for  lack  of  precision  in  measuring  the  depth  of  initiation. 

Figure  3  is  a  graph  of  Depth  of  Initiation  vs  Brass  Free  Surface 
Velocity  and  gives  some  indication  of  the  reproducibility.  The  cor¬ 
responding  shock  pressures  in  brass  are  also  given  along  the  abscissa. 
These  pressures  were  determined  from  an  extrapolation  of  the  shock 
Hugoniot  data  published  by  Walsh,  et  ad  (l6).  Their  Hugoniot  curve 
for  brass  is  shown  in  the  pressure/^article -velocity  plane  in  Fig.  4 
with  a  typical  state  point  S  indicated. 


Fig.  3  Depth  of  Initiation  vs  Brass 
Free  Surface  Velocity.  The 
depth  of  initiation  is  the 
distance  from  the  original 
position  of  the  brass  surface 
to  the  level  in  the  charge 
indicated  by  the  position  of 
first  light  on  the  film. 

Depths  of  initiation  less  than 
1  mm  or  greater  than  8  mm  could 
not  be  accurately  measured, 
and  are  indicated  by  the  open¬ 
sided  symbols. 


SHOCK  PRESSURE  IN  BRASS  (KILOBARS) 
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DISCUSSION 

The  shocked  state  of  the  brass  can  be  determined  simply  from  the 
experimental  results.  However^  defining  the  state  of  the  shocked  PETN 
is  less  straightforward.  The  PETN  has  been  treated  as  a  homogeneous 
material  and  the  initiating  shock  has  been  assumed  to  move  with  a 
velocity,  in  the  neighborhood  of  1  mm/psec,  equal  in  each  case  to  the 
quotient  of  the  numbers  in  the  last  two  columns  in  Table  I.  We  have 
used  what  Walsh,  et  ^  have  called  the  Graphical  Solution  of  the 
interface  equations.  A  more  complete  description  of  this  procedure 
can  be  found  in  their  article  (l6).  Starting  from  a  typical  shocked 
state  such  as  S  in  Fig.  4,  subsequent  state  points  of  the  expanding 
brass  must  lie  along  the  adiabat  through  point  S.  We  have  used  the 
approximation  that  the  adiabat  can  be  replaced  by  the  mirror  image  of 
the  Hugoniot  about  the  line  corresponding  to  the  value  of  Up  at  the 
point  S.  Such  a  curve  is  shown  dotted  in  Fig.  4.  From  the  values  of 
shock  velocity  we  have  then  constructed  lines  having  slopes  equal  to 
/O  Ug  for  the  PETN,  one  of  which  is  shown  as  a  dashed  line  in  Fig.  4, 
In  order  for  the  pressure  and  particle  velocity  to  be  continuous 
across  the  PETN-brass  interface,  the  state  point  of  the  PETN  for  a 
given  experiment  must  be  at  the  intersection  I  of  the  two  curves.  Re¬ 
peating  this  process  for  each  experiment  we  arrived  at  a  series  of 
PETN  state  points  which,  with  certain  reservations,  can  be  regarded  as 
defining  a  PETN  Hugoniot,  shown  in  Fig.  5. 

These  reservations  regarding  the  real¬ 
ity  of  the  PETN  pressure  and  particle- 
velocity  arise  because  of  the  assumptions 
made  concerning  the  initiating  shock  and 
because  the  heterogeneous  PETN  pressing  has 
been  treated  as  homogeneous  for  hydrody¬ 
namic  purposes.  These  questions  deserve 
considerable  discussion  and  have  been  the 
subject  of  the  special  experiments  described 
below. 


The  Initiating  Shock 

By  increasing  the  illumination  of  the 
surface  of  the  wedge  and  eliminating  the 
simultaneous  free  surface  velocity  measure¬ 
ment  it  has  been  possible  to  obtain  records 
of  the  initiating  disturbance  in  its  travel 
through  the  PETN,  Such  experiments  have 
shown  that  this  disturbance  accelerates 
continuously.  Although  the  early  part  of 
the  smear  camera  record  looks  almost 
straight  in  some  cases,  the  curvature  in¬ 
creases  progressively  as  the  point  of 
initiation  is  approached.  Since  this  is 


Fig.  4  Pressure  vs 

Particle  Veloc¬ 
ity  Plots  for 
Brass  and  PETN, 
The  brass 
Hugoniot  is  from 
Reference  l6. 

See  text. 
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the  case,  the  method  used  in  the 
work  reported  above  to  estimate 
shock  velocities  has  yielded 
values  too  high  by  perhaps  10^ « 

Thus  the  derived  PETN  pressures 
should  be  reduced  approximately 
10^«  On  the  other  hand,  this  in¬ 
accuracy  is  about  the  same  magni¬ 
tude  as  some  of  the  other  un¬ 
certainties  in  calculation  of  the 
pressure o  The  important  point  is 
not  that  the  pressure  be  known 
with  great  absolute  accuracy  but 
that  the  fact  be  established  that 
PETN  can  be  initiated  by  shock 
pressures  as  low  as  a  few  kilobars 

When  acceleration  of  the  in¬ 
itial  disturbance  is  taking  place, 
chemical  reaction  is  clearly 
presents  It  seems  reasonable  that 
the  shock  is  essentially  unsup¬ 
ported  in  the  early  stages  when  it 
is  moving  into  the  PETN  with  almost 

constant  velocity «  However,  it  must  be  admitted  that  this  has  not 
been  proven,  and  that  the  existence  of  a  meta-stable  supported  shock 
is  still  a  possibility  as  far  as  the  present  experiments  are  concernedo 
If  this  is  in  fact  the  situation,  the  curve  in  Fig*,  5  would  be  consid¬ 
ered  as  a  Hugoniot  for  partially  reacted  PETN,  but  only  if  the  con¬ 
stant  velocity  region  is  considered  to  represent  a  steady  state o  How¬ 
ever,  different  initial  velocities  seem  to  indicate  that  each  point 
would  represent,  under  these  assumptions,  a  different  degree  of  reac¬ 
tion  and  that  Figo  5  would  then  not  represent  a  Hugoniot  at  alio  The 
variation  of  the  initial  velocities  do  not  have  this  implication  for  a 
shock  with  extremely  small  amount  of  chemical  reaction,  and  in  this 
case  Figo  5  could  be  a  fairly  close  approximation  to  the  Hugoniot  for 
unreacting  PETNo 


Figo  5  PETN  "Shock  Hugoniot"*,  The 
pressures  and  particle  ve¬ 
locities  were  derived  from 
measured  properties  in  the 
last  element  of  the  attenu¬ 
ator,  employing  a  number  of 
assumptions  whose  validity 
is  discussed  in  the  texto 


PETN  Shock  Hugoniot 

There  is  a  question  as  to  whether  it  is  legitimate  to  speak  of  a 
Hugoniot  for  a  PETN  pressing,  which  consists  of  individual  PETN  grains 
at  crystal  density  and  air  spaces  at  very  low  density*,  The  quantities 
and  Ug,  used  to  arrive  at  the  pressure  and  particle  velocity 
values  for  the  Hugoniot,  are  both  averages.  When  the  shock  first 
crosses  the  interface  between  the  attenuator  and  the  explosive,  it 
seems  questionable  that  any  small  region  in  the  PETN  pressing  actually 
exists  at  the  pressure  and  particle  velocity  given  by  the  point  I  in 
Fig«  4*,  In  other  words,  the  appropriateness  of  considering  the  press¬ 
ing  to  be  homogeneous  depends  on  how  much  small  scale  detail  is  re¬ 
quired  for  the  purpose  at  handj  and  consideration  of  initiation  would 
seem  to  require  details  for  individual  grains o 
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For  purely  hydrodynamic  purposes,  the  "average  Hugoniot"  of  the 
pressing  may  be  a  very  useful  curve.  To  check  this,  points  on  the 
PETN  Hugoniot  were  also  determined  when  the  PETN  was  shocked  from  a 
material  which  was  hydrodynamically  quite  different  from  the  brass 
that  was  used  in  the  original  experiments.  The  l/2 -inch-thick  final 
attenuator  element  of  brass  was  replaced  by  a  dual  element  consisting 
of  l/2-inch  of  uranium  and  l/2-inch  of  Lucite.  The  shock  entered  the 
PETN  from  the  Lucite  and  the  pressure  and  particle  velocity  in  the 
PETN  were  determined  from  the  intersection  of  the  approximation  to  the 
Lucite  U8)  adiahat  and  the  line,  Ug  having  been  determined  as 

before.  In  Fig.  5,  two  points  from  such  experiments  are  seen  to  lie 
on  the  PETN  Hugoniot  determined  from  the  data  collected  when  brass  was 
the  last  attenuator  element.  This  means  that  the  PETN  Hugoniot  is 
satisfactory  for  predicting  shock  velocities  in  the  pressing  if  the 
hydrodynamic  properties  have  been  determined  for  the  material  from 
which  the  shock  enters  the  PETN.  A  distinction  has  been  made  here  be¬ 
tween  the  prediction  of  the  shock  velocity  (which  can  be  checked  in^ 
absolute  terms  by  measurement)  and  the  derivation  of  the  corresponding 
pressure  (which  we  have  not  measured  directly). 

The  PETN  "shock  Hugoniot"  in  Fig.  5  is  probably  more  accurate 
than  the  individual  points.  Therefore  the  Intersections  of  this  curve 
with  the  appropriate  brass  adiabats  have  been  used  to  evaluate  the^ 
PETN  "shock  pressures",  which  are  plotted  against  the  depths  of  initi¬ 
ation  in  Fig.  6.  On  this  basis,  the  minimum  initiating  pressure  of 
50  kb  in  the  brass  is  seen  to  corres¬ 
pond  to  a  derived  pressure  of  about 
2.5  kb  in  the  PETN. 

There  is  another  aspect  of 
these  experiments  which  could  in 
principle  be  quite  distinct  from  the 
hydrodynamic  properties  of  the  press¬ 
ing;  namely,  the  question  of  the 
sensitivity  of  the  PETN  when  shocked 
from  the  two  materials,  brass  and 
Lucite.  In  the  microscopic  sense  it 
is  clear  that  the  impedance  match  is 
different  for  these  two  materials  as 
the  shock  enters  the  Individual  PETN 
grains  or  the  air  spaces  between 
them.  Strictly,  it  could  not  be 
taken  for  granted  that  the  sensitiv¬ 
ity  of  the  PETN  would  be  the  same 
for  shocks  from  the  two  materials 
even  though  they  eventually  produced 
the  same  macroscopic  average  shock 
velocity  in  the  pressing.  However, 
the  depths  of  initiation  have  turned 
out  to  be  consistent  with  the  hydro- 
dynamic  behavior.  This  is  shown  by 
the  triangular  points  in  Fig.  6. 


PETN  SHOCK  PRESSURE  (KILOBARS) 


Fig.  6  Depth  of  Initiation  vs 
PETN  "Shock  Pressure". 
The  meaning  of  the  pres¬ 
sure  values  is  subject 
to  the  qualifications 
applying  to  the  PETN 
Hugoniot . 
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In  spite  of  the  difficulties^  the  shock  velocity  in  the  PETN 
pressing  can  he  calculated,  and  the  initiation  of  the  PETN  will  take 
place  according  to  this  velocity «  The  relative  pressures,  naturally, 
will  also  serve  as  such  an  index » 

Effect  of  Interstitial  Gases 


One  proposal  for  the  mechanism  of  initiation  of  detonation  in¬ 
volves  grain-burning  started  by  means  of  the  compressional  temperature 
of  interstitial  gases  in  the  pressing o  Compression  may  be  considered 
to  take  place  by  a  single  shock  along  the  Hugoniot,  by  a  series  of 
compressions  along  a  curve  approximating  an  adiabat,  or  even  by  means 
of  a  clear-cut  shock  reflection «  Regardless  of  these  details  the  tem¬ 
perature  can  be  altered  at  least  500®C  by  choosing  gases  with  widely 
different  hydrodynamic  and  thermodynamic  properties «  In  order  to 
achieve  extremes  in  this  sort  of  behavior,  we  have  evacuated  wedges 
and  replaced  the  air,  either  with  argon  to  produce  high  gas  tempera¬ 
tures,  or  with  methane  to  produce  low  gas  temperatures „  The  results 
of  these  tests  are  shown  in  Fig<,  6,  and  the  fact  that  these  depths  of 
initiation  agree  within  experimental  error  with  the  values  for  air  is 
taken  as  strong  indication  that  the  temperature  of  the  interstitial 
gas  has  nothing  to  do  with  the  mechanism  of  initiation «  Temperature 
differences  of  several  hundred  degrees  would  have  a  profound  effect  on 
the  rate  of  grain  burning  or  on  the  rate  of  chemical  reaction  if  such 
temperature  changes  could  be  brought  to  bear  on  these  processes  <, 


An  experiment  was  also  performed  in  which  the  pressure  of  the 
interstitial  air  was  reduced  to  the  range  between  50  to  100  microns « 
The  temperature  of  the  compressed  residual  air  in  this  case  was  not 
much  different  from  that  achieved  at  normal  density  but  the  total 
amount  of  energy  available  for  transfer  from  gas  to  PETN  was  lowered 
by  a  factor  of  about  10^«  This  low-pressure  shot  is  also  shown  in 
Figo  6,  and  again  demonstrates  that  the  interstitial  gases  did  not 
affect  the  initiation  process o 


CONCLUSIONS 

By  use  of  a  special  low-bulk -density  PETN  it  has  been  possible  to 
extend  wedge-type  Initiation  measurements  to  low-density  pressings o 
For  such  pressings  it  is  to  be  expected  that  the  nature  of  the  crys¬ 
tals  and  the  properties  of  the  interstitial  gases  would  affect  the 
initiation  characteristics,  if  they  are  ever  to  be  important^  The  ex¬ 
periments  reported  on  the  lack  of  effect  of  interstitial  gases  seem 
to  eliminate  this  component  from  the  mechanism^  Further  experiments 
need  to  be  done  to  assess  the  importance  of  the  properties  of  the 
solid  grains o 

The  particular  type  of  PETN  we  have  used  has  been  shown,  at 
loO  gm  cm”’^  density,  to  be  sensitive  to  shocks  that  are  quite  weak 
compared  to  those  required  for  the  initiation  of  high  density  ex^ 
plosives  0  The  hydrodynamics  of  the  interface  between  the  material 
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used  to  carry  the  shock  and  the  particulate  explosives  can  apparently 
be  treated  satisfactorily  by  using  methods  developed  for  homogeneous 
materials.  On  this  basis  we  arrive  at  a  pressure  of  about  2  l/2  kb  in 
the  PETN  pressing  as  the  lowest  pressure  with  which  we  have  been  able 
to  produce  initiation.  In  future  experiments  this  pressure  will  be 
compared  to  the  pressure  necessary  to  initiate  pressing  in  other  den¬ 
sities.  It  is  hoped  that  the  changed  interface  conditions  can  be 
properly  taken  into  account  in  this  manner. 
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THE  TRANBlTIOn  FROM  SHOCK  WAVE  TO  DETONATION 
IN  60/40  RDX/TNT 


EoLo  Kendrew  and  EoGo  Whitbread 
Explosives  Research  and  Development  Establishment 
Ministry  of  Aviation 
Waltham  Abbey^  England 


INTRODUCTION 


In  recent  years  an  increasing  amount  of  attention  has  been  paid 
to  the  initiation  of  detonation  by  shocks  this  is  important  for 
both  the  design  of  weapons  and  the  general  understanding  of  seneiti«=» 
vityo 


Hertzberg  (l)  was  the  first  to  observe  that  if  a  charge  is 
detonated  by  a  shock  wave  the  detonation  occurs  at  a  point  inside 
the  charge  and  not  where  the  shock  wave  enteredo  As  the  shock 
has  a  lower  velocity  than  the  detonation  the  concept  of  a  ’delays 
is  thereby  introduced ^  ioSo  the  charge  takes  longer  to  detonate  than 
the  time  calculated  by  dividing  length  by  detonation  velocity o 
The  concept  depends  on  the  reasonable  but  incorrect  assumption  that 
the  detonation  ought  to  start  at  the  entry  faceo  The  weakness  of 
this  assumption  is  well  illustrated  by  the  behaviour  of  large ^  near 
perfect g  RDX  crystals  which  usually  detonate  backwards  from  the 
face  by  which  the  shock  wave  leaves  the  crystal  (2)® 

There  are  at  present  two  theories  on  the  shock  initiation  of 
explosives o  It  is  common  to  both  that  the  shock  wave  initiates 
some  reaction  in  that  part  of  the  charge  through  which  it  first 
passes^  one  theory  (3)  holds  that  the  energy  from  this  reaction 
reinforces  the  shock  in  a  continuous  manner,  while  the  other  theory 
(4)  postulates  that  the  rising  temperature  of  the  reacting  material 
ultimately  results  in  the  production  of  a  condition  of  thermal 
super^conductivity  and  a  ”heat=pulse'*  flashes  through  the  ^charge ^ 
setting  up  a  detonation  when  it  overtakes  the  shock  fronts 

It  is  a  consequence  of  the  first  theory  that  the  ensuing 
detonation  will  propagate  only  in  the  direction  of  the  initial  shock 
wave,  since  with  a  continuous  build-up  process  the  region  immediately 
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behind  the  detonation  zone  must  be  greatly  depleted  of  chemical 
energy,  and  such  a  region,  if  thick  enough,  would  act  as  a  barrier 
to  a  detonation  propagating  back  into  the  shocked  material.  In 
the  second  theory  however  there  is  nothing  to  prevent  a  detonation 
developing  in  both  directions  at  once. 

In  general  the  first  theory  is  founded  on  experiments  with 
charges  of  small  cross  section  and  the  second  with  charges  of  larger 
section. 

The  programme,  of  which  a  part  is  described  here,  has  two 
objects!  first,  to  resolve  this  difference,  and  second,  either 

(i)  to  study  the  formation  and  transmission  of  the  "heat  pulse"  or 

(ii)  to  demonstrate  the  dependance  of  the  acceleration  process 
(and  hence  the  so  called  delay  time)  on  the  initial  shock  pressure, 

EXPERIMENTAL 

A  novel  feature  of  the  explosive  charges  used  in  this  work  is 
that  in  most  of  the  experiments  the  shock  wave  passes  successively 
through  a  number  of  thin  layers  of  explosive  each  separated  from  its 
neighbours  by  metal  foil.  The  purpose  of  this  is  twofold: 

The  metal  foil  will  prevent  the  flow  of  a  "heat  pulse"  from  layer 
to  layer  (5)  and  the  entire  assembly  is  an  approximate  but 
practical  representation  of  a  one— dimensional  system  in  lagrangian 
co-ordinates  of  mass  and  time  (6),  It  is  appreciated  that  for  the 
latter  purpose  the  system  has  obvious  limitations  but  it  is  most 
valuable  as  a  first  step. 

In  future  work  it  is  intended  to  utilise  measurements  made  of 
the  movement  of  the  interface  between  layers,  since  the  particle 
velocity  changes  with  pressure  more  than  5  times  as  rapidly  as  does 
wave  front  velocity.  As  discussed  later  this  has  not  yet  been 
carried  out. 

The  basic  test  assembly  is  shown  in  figure  1,  The  "donor 
charge"  was  an  explosive  lens  designed  to  give  a  slightly  concave 
wave  form.  The  "gap"  always  contained  a  large  sheet  of  l6  g,  mild 
steel  vdiich  also  acted  as  a  shield  to  prevent  the  products  of  the 
donor  charge  obscuring  the  camera's  view  of  the  "receptor".  The 
"gap"  was  made  up  to  the  necessary  thickness  with  laminated  brass 
(for  the  smallest  assemblies)  or  with  sheets  of  card  (for  the 
larger  charges). 

Three  sizes  of  receptor  charge  were  used: 

15  X  15  X  38  mm,  50  x  50  x  I50  mm  and  75  x  75  x  200  mm  with  "donor" 
charges  to  suit.  The  "receptors"  were  usually  made  up  as  stacks 
of  laminae  each  separated  from  its  neighbours  by  sheets  of  brass 
foil  0.04  mm. thick  and  with  alternate  layers  coloured  black.  The 
inmi n«A  were  2,5  mm  thick  for  the  smallest  charges  and  7*5  thick 
for  the  others.  On  occasion  solid  charges  were  used,  as  some 
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qualitative  information  is  more  easily  obtained  with  this  type® 

All  explosive  components  (with  the  exception  of  the  smallest 
donor  charges)  were  made  from  KDX/^NT  Grade  A,  cast  under  a  pressure 
of  100  poS®i«  and  with  controlled  cooling  of  the  moulds  by  hot 
water  jackets©  Selected  sections  were  cut  from  the  casts  and 
machined  to  size  by  staindard  methodSo  To  obtain  a  better  surface 
each  section  of  the  laminated  charges  was  hand  scraped  and  tested 
on  a  surface  plate©  The  charges  were  assembled  with  the  least 
possible  amount  of  rubber  cement  and  under  some  pressure© 

The  smallest  donor  charges  were  machined  from  pressed  tetryl 
pellets® 

The  experiments  were  photographed  using  a  Beckman  and  Whitley 
189  framii® camera  at  1*2  x  10  6  and  5  x  lo5  f©poS®  Kodak  tri«X, 
developed  normally,  was  used  for  the  major  part  of  the  work  but 
a  few  shots  were  taken  in  colour  on  Anscochrorae  for  illustrative 
purposes©  Conventional  synchronisation,  argon  flash  bomb  and 
blast  shutter  techniques  were  used  throughout® 

The  charges  were  photographed  from  the  side,  with  the  optical 
axis  at  right  angles  to  the  motion  of  the  shock  front®  All 
measurements  were  made  on  the  centre  line  of  the  side  face® 

To  the  present  time  the  quantitative  study  has  been  concentra-» 
ted  on  the  smallest  (15  mm  square  section)  size  of  charge©  Of  these 
56  have  been  fired,  in  37  a  detonation  developed  at  distances  from 
the  "gap'*  varying  from  10  mm  to  the  full  length  of  the  charge 
(58  mm)  and  in  19  no  detonation  resulted® 

The  shock  front  measurements  for  each  film  were  first  recorded 
as  a  space-time  curve  and  the  velocities  at  each  point  taken  as 
the  tangent  to  the  curve®  The  distance  between  the  "gap''  and  the 
onset  of  detonation  varied  from  shot  to  shot,  the  velocities  were 
not  therefore  plotted  against  the  distance  from  the  "gap"  but 
against  the  distance  measured  backwards  from  the  point  of  transition 
from  shock  wave  tOj detonation  (i®eo  from  where  the  air  shock 
becomes  lurainous?£oward  the  "gap")®  The  results  may  be  grouped  as 
a  single  relation  (figure  2)|  as  the  velocities  themselves  are 
taken  from  smoothed  curves  the  individual  points  are  not  marked  but 
the  braces  indicate  the  spread  of  the  data® 

DISCUSSION 

In  previous  work  it  had  been  found  that  a  minimum  shock  pressure 
of  90  Kb  was  necessary  to  initiate  RDX/TNT  charges  of  12®5  mm 
square  cross  section®  The  wave  front  velocity  was  of  the  order 
of  4000  mps®  Much  lower  initial  velocities  have  now  been  observed 
in  the  15  aiiii  square  section  charges  which  ultimately  detonated® 

The  difference  is  not  yet  fully  explicable  but  must  be  mainly  due 
to  the  fact  that  the  measurements  now  put  forward  were  made  on  the 
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surface  of  the  charge ,  the  previously  recorded  data  referring  to  the 
interioro  As  the  charge  expands  behind  the  shock  front  rarefaction 
waves  move  into  the  compressed  material  reducing  the  pressure  and 
velocity  and  this  reduction  is  immediately  effective  at  the  surfaceo 

This  has  so  far  prevented  effective  use  of  the  surface  particle 
velocity  measurements  but  could  be  overcome  if  the  way  in  which  the 
expansion  takes  place  were  properly  understood® 

A  superficial  examination  of  the  photographs  obtained  so  far 
shows  a  similarity  to  the  expansion  of  material  flowing  through  an 
orifice  and  subjected  to  the  influence  of  the  so  called  "simple** 
waves  (Prandtl-Meyer  expansion^  ref®  6  but  p  26?  et  seq)®  However 
an  exact  analysis  has  not  yet  been  attempted® 

On  the  first  theory  of  transition^  in  which  the  shock  is  not 
reinforced  until  overtaken  by  the  **heat  pulse'* ^  a  laminated  charge 
of  the  type  used  in  these  experiments  must  either;  (i)  Detonate 
in  the  first  layer ^  the  detonation  being  quenched  and  reformed  in 
each  subsequent  layer  in  the  manner  described  by  Cook  (5)  or  (ii) 
fail^  since  if  the  heat  pulse  generated  in  the  first  layer  does  not 
overtake  the  shock  wave  in  that  layer  it  will  be  stopped  by  the 
metal  foilg  the  shock  wave  will  be  weaker  in  the  second  layer  so  the 
heat  pulse  in  this  layer  will  arise  later  than  in  the  first  and  must 
suffer  a  similar  fate®  Thus  a  laminated  explosive/metal  charge  must 
detonate  in  the  first  layer  or  fail® 

With  Urinated  charges  of  all  cross  sections  described  earlier 
it  has  always  been  possible  to  obtain  a  transition  from  shock  to 
detonation  when  the  shock  wave  had  traversed  most  of  the  charge® 

This  in  itself  is  a  strong  argument  against  the  '*heat  pulse**® 

Three  kinds  of  behaviour  of  the  v/ave  were  founds  according  to 
the  cross  section  of  the  charge  used® 

lo  With  charges  of  15  mm  square  cross  section  there  is  a 
continuous  acceleration  from  near  sonic  speed  to  detonation®  The 
velocities  in  the  individual  shots  vary  considerably  but  all  sho\i? 
an  increase  of  the  same  form®  The  minimum  velocity  possible  cannot 
be  below  sonic g  and  assuming  this  to  be  about  3000  ra®poS®  it  can 
be  seen  from  figure  2  that  no  less  than  5^%  of  the  acceleration 
occurs  in  the  last  2o5  nsm  before  detonation^  20%  in  the  205  nim  before 
that  and  10%  in  the  previous  2a.5  nun®  This  implies  that  nearly 
85%  of  the  acceleration  occurs  in  the  last  7*5  sun  before  detonation 
and  only  about  15%  in  the  12o5  mm  before  that® 

It  was  not  found  possible  to  measure  acceleration  more  than 
20  mm  before  detonation®  In  those  shots  where  the  shock  traversed 
more  than  20  mm  before  detonation  (7  out  of  the  56)  the  acceleration^ 
if  present g  was  too  slight®  A  further  complication  was  that  the 
concave  wave  shape  generated  by  the  donor  charge  rapidly  inverted^ 
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producing  spurious  effects  which  rendered  measurements  in  the  first 
few  millimetres  useless. 

In  the  region  of  gentle  acceleration  there  is  a  slight  change 
in  the  colour  of  the  charge  in  that  the  yellow  of  the  explosive 
becomes  tinted  with  blue^  in  the  region  of  rapid  acceleration 
(the  last  three  layers  or  so)  there  is  a  very  marked  colour  change 
to  deep  brown*  It  is  probable  that  in  both  cases  these  changes 
are  due  to  chemical  reaction  although  in  the  first  instance  (light 
blue)  it  could  be  due  to  the  air  shock  surrounding  the  expanding 
charge* 

In  no  case  was  "reverse  detonation"  observed®  This  is 
presumably  because  the  layer  of  explosive  immediately  behind  the 
detonation  is  too  devoid  of  chemical  energy ,  having  supported  half 
the  acceleration  within  2*5  nim® 

2c  With  charges  of  75  mm  cross  section  the  initial  shock  is 
of  3000  m®p.Sc  velocity,  which  is  probably  very  near  sonic  speed, 
there  is  no  measurable  acceleration  amd  the  detonation  develops  in 
both  directions.  The  velocity  of  the  forward  propagating 
detonation  is  initially  above  the  accepted  value  of  7900  m.p.s.  by 
as  much  as  500  m.p.s®  but  rapidly  (within  20  mm)  falls  to  the 
normal  rate.  The  reverse  wave  velocity  is  initially  about  1000 

m.p.s.  low  and  falls  to  a  yet  lower  rate  as  the  wave  moves  farther 
into  the  shocked  region® 

3.  The  most  interesting  phenomenon  occurred  with  the 
intermediate  size  charges,  i.e®  of  50  mm  square  section.  The  shock 
wave  is  initially  of  about  sonic  velocity  and  does  not  accelerate 
until  10  mm  before  the  transition  point.  When  acceleration  occurs 
it  is  limited  to  the  centre  of  the  wave  (as  seen  on  the  side  of  the 
charge)  which  develops  a  thin,  dark  pre-detonation  region  followed 
by  a  detonation  propagating,  forward  in  the  centre,  sideways  to  the 
corners  and  then  backwards  in  the  corners  only  (fig.  3)*  This  is 
exactly  as  if  there  were  a  short  cylindrical  region,  in  the 
charge  centre  and  normal  to  the  axis,  in  which  the  reverse  detonation 
is  inhibited.  This  cylinder  is  of  such  a  diameter  (60  mm  in  this 
instance)  that  it  cuts  into  the  faces  of  the  square  section  charge, 
leaving  the  comers  free. 

An  alternative  possibility  is  that  there  is  a  critical 
diameter  below  yahlch  the  reverse  detonation  is  prohibited®  But 
if  the  effective  diameter  is  reduced  aeymetrically  by  removing 
two  adjacent  corners  at  the  point  where  transition  occurSjthe 
reverse  detonation  is  not  inhibited  altogether  but  restricted  to 
the  two  remaining  corners,  (fig.  4). 

The  most  probable  explanation  is  that  the  lateral  rarefaction 
waves  restrict  the  rapid  acceleration  to  the  central  region. 

This  will  result  in  the  wave  distorting  into  an  extremely  convex 
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shape  as  transition  occurs,  with  the  result  that  the  detonation 
can  spread  laterally  into  unreacted  material.  If  the  charge  has  a 
much  bigger  section  than  the  central  accelerating  ”core**  the  latter 
will  not  be  seen  at  the  sides  izntil  it  has  spread  into  unreacted 
material  and  a  detonation  is  propagating  in  both  directions.  The 
velocities  initially  observed  on  the  surface  are  easily  explained 
by  the  geometry  of  such  a  syst^. 

Some  confirmation  has  been  provided  by  an  experiment  in  which 
the  detonation  occurs  just  before  the  end  of  a  5^  square  cross 
section  charge.  The  detonation  is  seen  to  emerge  from  the  centre 
of  the  end  face  when  the  shock  wave  in  the  side  face  is  still  10  mm 
from  the  end  of  the  charge  (fig.  5)»  A  similar  result  has  also 
been  obtained  by  Sultanoff  (7). 

The  diameter  of  this  accelerating  “core**  is,  in  an  ideal  case 
with  rectangular  pulses,  the  diameter  at  which  the  converging 
lateral  rarefaction  waves  meet  the  tail  of  the  initial  pulse  and 
will  therefore  be  a  function  of  charge  diameter,  rarefaction  velocity 
and  initial  pulse  length.  Further  work  is  needed  to  amplify  this 
point. 
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ILLUSTRATION 

A  l6  mm  film  has  been  printed  from  the  original  high  speed 
camera  records  of  the  experiments  described. 
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DETERMINATION  OF  THE  SHOCK  PRESSURE 
REQUIRED  TO  INITIATE  DETONATION  OF  AN  ACCEPTOR 
IN  THE  SHOCK  SENSITIVITY  TEST 

I„  Jaffe,  R„  Beauregard j,  A„  Amster 
U„  S„  Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


ABSTRACT?  The  attenuation  of  the  velocity  of  a  shock 
wave  was  measured  In  Lucite  under  conditions  similar  to 
those  of  the  shock  sensitivity  testo  Two  systems,  one 
based  upon  the  reaction  of  pressure  probes  to  the  pressure 
pulse  of  the  shock  wave  and  the  other  a  smear  camera,  were 
used  to  record  the  events o  The  reliability  of  the  pressure 
probe  in  recording  the  events  was  comparable  to  the  smear 
camera  record  of  the  shock  for  the  first  three  inches  of 
Lucite  after  which  the  response  of  the  pressure  probes 
lagged  behind  the  camera  record.  With  the  aid  of  the  smear 
camera,  additional  data  were  calculated  for  Lucite  in  the 
low  pressure  region  (4-5  kbar)  by  measuring  the  shock 
velocity  in  Lucite  and  water.  These  data  were  used  to 
extend  the  equation  of  state  for  Lucite  to  the  region 
applicable  to  this  investigation. 

The  shock  pressure  in  Lucite  was  calculated  as  a 
function  of  the  Lucite  length  from  the  velocity  obtained 
experimentally  and  the  equation  of  state  for  Lucite,  This 
was  compared  to  the  length  of  the  gap  in  the  shock  sensi¬ 
tivity  tests  to  obtain  an  approximate  value  of  the  pressure 
required  for  the  initiation  to  detonation  of  various  ex¬ 
plosives  , 

I,  Introduction 

Shock  sensitivity  tests  for  explosives,  in  which  the 
sensitivity  of  an  explosive  is  measured  by  interposing  a 
gap  of  some  inert  material  between  a  high  explosive  donor 
and  the  explosive  under  test,  have  been  in  use  for  a 
number  of  years.  The  sensitivity  of  the  explosives  were 
rated  on  a.n  arbitrary  gap  scale  peculiar  to  the  conditions 
of  the  test  and  the  inert  material  used  for  the  gap.  This 
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investigation  was  made  to  interpret  the  shock  sensitivity 
test  results  in  terms  of  shock  pressure  required  to 
initiate  the  explosive »  In  effect,  the  gap  distance  was 
calibrated. 

The  present  work  was  carried  out  on  Luclte  rods, 
since  It  was  determined  cellulose  acetate  (used  In  forming 
the  gap)  and  Luclte  were  similar  shock  attenuators.  The 
Investigation  consisted  of  extending  the  equation  of  state 
data  of  Luclte  to  the  lower  pressures  In  the  gap  and  of 
using  the  data  obtained  to  relate  pressure  and  gap  thick¬ 
ness  for  the  conditions  under  which  the  gap  tests  are  made. 

The  equation  of  state  data  were  obtained  by  Initi¬ 
ating  a  shock  with  two  cylindrical  tetryl  pellets  (each  2 
inches  dla.  x  1  Inch  thick)  and  measuring  the  shock  veloci¬ 
ty  as  a  function  of  distance  In  Luclte  rods  and  In  water 
(the  equation  of  state  of  which  Is  known)  as  It  progresses 
from  the  Luclte  to  the  water.  Using  the  customary  approxi¬ 
mation  at  the  Luclte-water  interface,  the  pressure  and 
particle  velocity  In  Luclte  before  the  Interface  may  e 
obtained . 

II.  Experimental  Methods 

The  attenuation  of  the  shock  velocity  In  Luclte  was 
determined  by  two  different  experimental  techniques.  One 
was  based  upon  recording  the  passage  of  a 
bv  an  electronic  system,  and  the  other  used  high  speed 
SotSgrapSy  to  follow  the  shock' front.  This  latter  tech¬ 
nique  was  used  to  obtain  additional  ^^^f’^Scite 

more  accurate  curve  for  the  equation  of  state  of  Luclte. 

A.  Electronic  Method  Used  to  Measure  Shock  Velocity 

Fleure  I  is  a  schematic  drawing  of  the  experl- 
mental  assembly  used  to  measure  the  attenuation  of  a  shock 

in  a  lSoIL  rod.  A  donor,  consisting  of 

wflC!  i  i"lat6d  by  a  Salscno*  ciabonator*  Th©  dcto 
nation  wave  developed  in  the  tetryl  becomes  a  shock  wave 
^r\  the  Luclte  rod.  The  progress  of  the  shock  wave  was 
roiinLd  bv  a  leriea  of  pressure  probes  carefully  placed 
In  the  assLbly.  The  pressure  pulse  I^P^^^ed  on  a  popper 
tube  0  033  Inches  away  from  a  copper  wireo  When  t 

cooper  tube  made  contLt  with  the  copper  wire,  a 
w^S^oioSd  and  an  Impulse  was  transmitted  to  an  oscillo- 

s?ope  (Tehtronic  No.  555).  A 

make  permanent  records  of  the  oscillograph  tr  g  . 

*  Detonators  were  obtained  from  Olin  Mathieson 
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A  series  of  holes  0.055  inches  in  diameter  were  care¬ 
fully  made  at  specified  intervals  in  a  Lucite  rod.  The 
pressure  probes  were  Inserted  and  the  necessary  leads  were 
soldered  to  the  probes.  The  tetryl  pellets  were  securely 
taped  to  the  Lucite  rod.  An  ionization  probe  was  inserted 
between  the  two  tetryl  pellets,  and  at  the  tetryl-Lucite 
Interface.  The  entire  ensemble  was  placed  in  the  bombproof 
chamber  where  the  leads  were  connected  to  the  oscilloscope 
leads  and  the  detonator  put  In  place.  Meanwhile  a  series 
of  calibrated  time  marks  was  obtained  on  the  oscilloscope 
by  using  a  Tektronlc  No,  l8l  Time-Mark  Generator,  The 
time  scale  was  recorded  on  the  film  Just  prior  to  the  ex¬ 
periment. 


The  oscilloscope  was  triggered  by  the  ionization 
probe  placed  between  the  two  tetryl  pellets.  By  beginning 
the  oscilloscope  sweep  prior  to  the  arrival  of  the  detona¬ 
tion  at  the  tetryl-Lucite  interface,  a  much  more  definitive 
and  precise  measurement  was  obtained  of  the  time  of  arriva 
of  the  shock  in  the  Lucite.  The  arrival  of  the  reactive 
shock  at  the  tetryl-Lucite  interface  was  recorded  by  the 
second  ionization  probe.  The  further  progress  of  the 
shock  wave  down  the  Lucite  rod  was  followed  by  the  pressure 
probes.  A  more  comprehensive  discussion  of  the  pressure 
probe  and  the  electronic  system  used  is  given  elsewhere 

The  system  contained  a  donor  made  up  of  two  tetryl 
pellets,  identical  bo  those  used  in  the  shock  sensitivity 
test  at  the  laboratory.  Cellulose  acetate  cards, 
inches  thick  by  2  Inches  in  diameter  were  used  to  build 
gaps  less  than  one-half  inch  thick.  For  larger  gaps, 

Selte  discs,  ons-half  Inch  and  1  Inch  thick  were  used 
Kith  the  cellulose  acetate  cards  to  build  the  required 
gap  A  number  of  charges  were  prepared  in  the  exact 
manner  used  for  the  shock  sensitivity  tests  and  lonizatlo 
probes  were  placed  at  designated  positions  in  theLuclte- 
JeuSLsfacetate  gap.  The  gap  was  prepared  by  stacking 
the  cards  and  discs  in  units  one  to  two  Inches  ^^-Sh.  Each 
unit  was  compressed  to  form  a  compact  pile  and  ^ 
drilled  in  it  for  a  pressure  Probe.  ^he  attenuation  of 
thP  shock  velocity  was  measured  at  0,5»  1*0  ana  ±.o  mt-ucD 
and  cSSp^n  wUh'^the  shock  velocity  measured  in  the 

Lucite  rod. 


B.  High  Speed  Photography 

The  objects  of  this  experiment  were  three-fold; 

1)  to  measure  the  attenuation  of  the  shock  wave 
in  Lucite  by  an  alternate  method; 
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2)  to  determine  the  reliability  of  the  measure¬ 
ments  made  by  the  pressure  probes ^  and 

5)  to  obtain  data  which  will  define  more  precisely 
the  equation  of  state  of  Lucite  for  the  lower  shock 
pressures o 


Figure  II  is  a  schematic  drawing  which  shows  the 
arrangement  of  the  various  components®  The  Lucite  rod  was 
machined  from  a  bar  2  Inches  x  2  1/4  Inches  in  cross 
section  to  a  rod  approximately  2  1/16  Inches  in  diameter 
with  two  parallel  flat  surfaces  2  Inches  apart  and  5/8 
Inches  wide®  These  parallel  flats  eliminated  distortion 
of  the  light  by  the  curved  surfaces  as  the  light  passed 
through  the  Lucite  rod®  Pressure  probes  were  Inserted  at 
designated  points  in  the  usual  manner®  The  rod  was  sup¬ 
ported  vertically  with  its  end  submerged  approximately  1/4 
inch  below  the  surface  of  the  water  contained  in  a  small 
trough®  A  Lucite  blast  shield  of  known  thickness  was 
placed  on  top  of  the  Lucite  rod  to  prevent  the  products j, 
resulting  from  the  detonation  of  the  tetryl  pellets^  from 
obscuring  the  view  of  the  camera®  Above  this  shield  were 
placed  the  two  tetryl  pellets  and  the  detonator®  The 
ionization  probe  used  to  trigger  the  camera  and  the  oscillo¬ 
scopes  was  placed  at  the  tetryl-Lucite  Interface® 

To  record  the  reaction  two  oscilloscopes ^  a 
Tektronic  No®  555  and  a  raster  oscilloscope  were  used  in 
conjunction  with  the  smear  camera®  A  spark  was  arranged 
to  go  off  at  the  end  of  the  reaction  to  provide  a  common 
point,  on  both  the  oscilloscope  and  the  camera  records, 
from  which  the  time  Integrals  could  be  measured  and  com¬ 
pared®  The  illumination  for  the  camera  was  obtained  from 
an  exploding  wire  set  behind  the  Lucite  rod®  Four  experi¬ 
ments  were  performed,  two  using  four-inch  long  Lucite  rods 
and  two  using  three-inch  long  Lucite  rods® 

III®  Results 

Figure  III  is  a  typical  record  of  the  attenuation  of 
a  shock  wave  measured  by  the  pressure  probes  in  a  Lucite 
rod  using  the  sweep  oscilloscope®  The  time  scale  is  1  (xsec 
per  division,  and  can  be  read  to  t  0o5  M-sec®  The  alternate 
positive  and  negative  response  of  the  pressure  probes,  as 
they  were  activated,  made  it  possible  to  determine  the 
position  of  any  malfunctioning  probe®  Table  I  contains 
the  results  of  the  experiments  performed  using  two  tetryl 
pellets  with  the  Lucite  rods  and  the  gap  card  units® 

Of  the  four  experiments  (Expt®  #5^6,7  and  8)  made 
using  the  electronic  system  and  the  smear  camera,  only  two 
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TABLE  I 

ATTENUATION  OF  SHOCK  IN  A  LUCITE  ROD  (Pressure  Probe) 

(Two  Tetryl  Pellets) 


Distance  of  ! 

Probe  i  Time  (Microseconds )  I  Mean  i 

ln«  mm,  j  Expt,#l  fexpt.#2  fexpt,#3  Expi;.#4  ;  mlcrosec; 


0.5 

12.7 

- - 

2.5 

3.0 

2.8 

1.0 

25.4 

5.2 

6,0 

5.5 

6.2 

5.7 

1.5 

58.1 

8.6 

9.6 

;  9.2 

9.5  ; 

9.2 

2.0 

50.8 

12.0 

13.5 

12.8 

i 

mm 

12.8 

2.5 

65.5 

16.1 

17.8 

17.0 

17.4 

17.1 

I5.O 

76.2 

20.5 

21.1 

21.4  i 

21.0 

b.5 

88.9 

25.1 

26.5 

25.2 

26.0 

25.7 

b.o 

101.6 

29.7 

31.0 

29.6 

31.1 

30.4 

b.5 

114.5 

35.7 

37.0 

33.7 

35.5 

35.0 

3.0 

f 

127.0 

_ 1 

- 

— 

ATTENUATION  OP  SHOCK  IN  GAP  UNITS 


0.53 

13.4 

1 

2.7  : 

i 

1 

! 

i 

i 

1 

75  -  0.01  In.  acetate 
cards 

1.00 

25.4 

6.1 

6.0  ; 

1/2  In,  Luclte  disc  and 
75  -  0.01  In.  cards 

1.50 

38.2 

9.5 

9.5  1 

1  1 

j  j 

1  In.  Luclte  disc  and 

75  -  0.01  In.  cards 
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could  be  used  for  comparison  between  the  two  systems o  In 
experiment  #7  th®  fiducial  point  was  not  obtained  while  in 
experiment  #8  th©  electronic  system  did  not  respond  satiS“ 
factorllyo  Plgur®  I?  shews  the  records  obtained  from  the 
smear  camera o 

Th®  time  scale  on  the  raster  oscilloscope  was  Ool 
microseconds  per  division  and  could  be  read  to  -  0o02 
microseconds,,  Th©  time  scale  for  the  photographic  records 
was  1o26  mm  per  microsecond  and  could  be  read  with  a 
microcomparator  to  better  than  t  0o02  microsecond o  The 
magnification  factor  for  the  camera  was  determined  for 
each  experiment  by  measuring  the  distance  between  the 
probes  on  the  film  and  relating  this  to  the  actual  distance 
between  probes o  The  same  magnification  factor  was  used  t© 
Interpret  distance  for  the  shock  wave  in  the  water© 

Table  II  contains  the  results  obtained  by  the  smear 
camerai)  measured  from  the  fiducial  point  (spark)© 

IV©  Discussion 

In  th®  hydrodynamic  theory  of  shock  waves  j,  the  con= 
servation  of  momentum  requires  that 

P  =  uD  (3-) 


where  the  Initial  pressure  (Pq)  and  particle  velocity  (uq) 
are  assumed  to  be  zero  and  where 

P  =  shock  pressure 

initial  density  of  the  material 

u  ®  particle  velocity 
U  =  shock  velocity© 


In  order  to  obtain  the  pressure  at  any  point  in  a 
shocked  homogeneous  medium^  it  is  necessary  to  measure 
the  shock  velocity  and  the  particle  velocity©  However^ 
if  a  set  of  data  corresponding  to  equation  (1)  is  known^, 
io©©  the  equation  of  state  of  the  medium  is  known j,  a 
measurement  of  U  vs  the  attenuation  path  length  (X)  for 
the  test  geometry  can  be  combined  with  th®  known  data  to 
sive  a  P  “  X  curve©  Since  it  was  desired  to  use  the 
pressure  probes  to  obtain  the  U  ~  X  datai,  their  adequacy 
for  such  measurements  was  investigated© 
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TABLE  II 

RESULTS  OF  EXPERIMENTS  #5  AND  #6  USING  THE  CAMERA, 
RASTER  AND  SWEEP  OSCILLOSCOPE 


Expt.  #5 

Probe 

Distance  Distance  from  Spark 

NOo 

from  Donor  Sweep  Raster  Camera  C  -  S 

C  -  R 

(mm)  Scope  Scope 

S(M-sec)  R(|xsec)  C(M,sec)  (iJ-sec) 

(ixsec] 

!  4.2 

47.43 

47.72 

48,0 

+  0,6 

0,3 

1  12,0 

45.73 

46.08 

46.31 

0,6 

'  0,2 

22,1 

43.37 

43,65 

43.90 

0,5 

0,3 

34,6 

40,27 

40.36 

40.48 

0.2 

0,1 

!  47.4 

36.59 

36.59 

36.89 

0,3 

0,3 

60,1 

31.97 

32.14 

32.66 

0.7 

0,5 

72,7 

28,27 

28.24 

28.80 

0.5 

0,6 

;  85,3 

23.29 

( 

23.38 

24,42 

1.1 

1,0 

rk  ; 

! 

i  0 

0 

0 

I 


i 


i 


Spark 


4.2 

46.52 

’  47.01 

- 

12,0 

45.12 

45,56 

44,97 

-  0,1 

1-  0,6 

22,1 

42.32 

^  42.77 

42.77 

+  0.4 

+  0,0 

34,6 

39.25 

39.61 

39.61 

0.4 

0,0 

47.4 

35.34 

:  35.68 

35.75 

0.4 

0,1 

60,1 

31,74 

« 

72,7 

26,70 

27.01 

27.71 

0.9 

0,6 

85.3 

22,50 

0 

!  22,74 

'  0 

1 

1 

1 

23.56 

; 

0 

1.1 

0,8 
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A.  Pressure  Probe  Reliability 


The  construction  of  the  pressure  probe  causes  a 
time  lag  between  the  arrival  of  the  shock  and  its  record¬ 
ing.  The  distance  between  the  bare  copper  wire  and  the 
outer  copper  tube  Is  approximately  O.O55  Inches,  To 
record  the  shock,  the  copper  must  travel  this  distance  to 
make  contact  with  the  Inner  core.  Moreover,  the  time  lag 
should  Increase  as  the  shock  pressure  and  velocity  decrease 
and  the  response  of  the  pressure  probes  should  fall  further 
behind  as  the  shock  Is  attenuated.  In  Table  II  a  compari¬ 
son  Is  made  between  data  from  the  smear  camera  and  the 
sweep  oscilloscope  (Col.  6)  and  between  the  smear  camera 
and  the  raster  oscilloscope  (Col,  7).  In  all  but  one 
Instance  the  camera  did  record  the  process  before  the 
electronic  systems  did.  However,  with  the  exception  of 
probes  #7  and  #8,  placed  at  a  distance  of  72.7  and  85.^  ram 
from  the  donor,  the  time  lag  was,  on  the  whole,  less  than 
0.5  microseconds.  The  sweep  oscilloscope  data  were 
slightly  higher,  0.6  microseconds. 

Thus,  the  pressure  probe  may  be  used  to  Interpret  the 
shock  velocity  for  the  Initial  three  Inches  of  Luclte  with 
fair  accuracy  and  reliability.  Beyond  this,  as  the  shock 
wave  becomes  more  attenuated,  the  time  lag  Increases.  At 
its  worst  (four  Inches  of  Luclte)  the  divergence  of  the 
probe  results  from  the  optical  results  does  not  exceed  6^, 
The  sensitivity  of  most  propellants  and  explosives  tested 
lie  below  the  three  Inch  limit.  Consequently,  the 
pressure  probe  measurements  can  be  considered  fairly 
adequate  for  this  work, 

B.  Velocity  vs  Distance  for  Luclte 


The  results  of  the  experiments  are  plotted  In 
Figures  V  and  VI.  The  data  obtained  with  the  pressure 
probes  are  plotted  In  Figure  V.  The  precision  of^these 
measurements  varied  from  a  standard  deviation  of  -  2.3^ 
to  45^  This  precision  Includes  any  variation  due  to  the 
probe,  the  position  of  the  probe,  or  any  variation  of  the 
Luclte  or  the  tetryl  booster.  Included  in  this  plot  Is 
the  data  obtained  by  the  pressure  probes  placed  In  the  gap 
material  (see  above.  It  Is  quite  apparent  that  for  the 
distances  measured  the  cellulose  acetate  and  Luclte 
systems  are  comparable. 


In  Figure  VI,  a  comparison  is  made  between  the 
data  obtained  with  the  camera  and  the  pressure  probes. 
The  lag  of  the  pressure  data  behind  the  data  recorded  by 
the  smear  camera  is  quite  evident  after  the  shock  was 
attenuated  by  traveling  through  three  Inches  of  Luclte. 
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Figure  VI  -  Measure  of  Shock  Velocity 
Camera  v*.  Pressure  Probe 
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Co  Pressure  vs  Distance  for  Lucite 

In  Figure  VII  the  particle  velocity  was  plotted 
as  a  function  of  the  shock  velocity  from  the  experimental 
data  obtained  on  Lucite  (5)^  Plexiglass  (6)  and  Perspex 
(7)0  These  substances  are  quite  similar  in  characteristics 
and  it  is  assumed  that  their  properties  in  the  shock  region 
do  not  differ  from  each  other o  However^  the  lowest  shock 
strength  obtained  experimentally  is  at  the  upper  end  of  the 
region  critical  to  this  investigation.  Most  shock  sensi¬ 
tivity  results  on  explosives  are  within  the  gap  range  of 
50  to  65  mm  and  the  maximum  transmitted  shock  velocity 
obtained  by  the  two  tetryl  pellets  Is  about  4e6  mm  per 
microsecond.  The  extrapolation  to  u  =  0  is  difficult 
since  the  shock  pressure  is  obtained  as  a  product  of  the 
particle  and  shock  velocities. 

The  approximate  shock  pressures  were  obtained 
from  the  usual  boundary  approximations  (8,9)» 

;;  (/’°")I.  (2) 


where 


=  particle  velocity  in  Lucite 

M-HgO®  particle  velocity  in  H2O 

Pq  ®  density  of  Lucite  or  water 

U  =»  shock  velocity  in  Lucite  or  water 

in  conjunction  with  the  experimental  data  obtained  for  the 
shock  velocity  in  Lucite  and  water,  and  the  particle 
velocity  for  water  obtained  from  the  literature  (10),  The 
calculated  particle  velocity  for  Lucite  in  Eqn.  (1)  yields 
the  corresponding  shock  pressure. 

Figure  VIII  is  a  typical  plot  of  the  results 
(Table  II)  obtained  by  the  smear  camera.  The  shock  veloci¬ 
ties  for  both  Lucite  and  water  are  determined  at  the  inter¬ 
section  of  the  respective  curves  which  corresponds  to  the 
Lucite-water  interface.  Table  III  contains  the  measured 
shock  velocities  and  the  corresponding  particle  velocities 
calculated  by  Eqn.  (2),  Using  these  points  for  the  lower 
pressure  region  and  the  other  data  already  available  in 
the  higher  pressure  region  a  straight  line  was  drawn 
through  all  the  data.  This  curve  (Fig.  VII)  was  extrapo¬ 
lated  to  U  =  2.59  mm  per  microsecond  at  jx  =  Oj  the 
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extrapolated  value  is  approximately  equal  to  the  hydro- 
dynamic  sound  velocity  calculated  as  2.44  mm  per  micro¬ 
second  . 


All  the  data  required  to  develop  a  pressure- 
distance  curve  (P  vs  X)  are  available.  Prom  experiments 
5  thru  8  a  U  -  X  curve  ^hock  velocity  vs  distance.  Fig.  VI) 
was  obtained  for  the  specified  geometry.  In  addition  these 
experiments  provided  the  data  (Table  III)  required  to 
calculate  and  complete  the  U  -  u  curve  (shock  velocity  vs 
particle  velocity.  Pig.  VII).  Using  these  two  curves  and 
Eqn.  (l)  (P  ®  ^Uu)  it  is  possible  to  calculate  P  -  X 
(pressure  vs  distance.  Table  IV)  and  obtain  the  curve  In 
Figure  IX  in  which  the  pressure  appears  to  vary  expo¬ 
nentially  with  the  distance.  Figure  X  Is  a  plot  of  log  P 
vs  X  and  may  be  approximated  by  the  equation 


P 
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(5) 


These  curves  will  allow  direct  Interpretation  of  gap 
length  In  terras  of  shock  pressure  obtained  at  the  end  of 
the  Luclte  gap.  While  this  pressure  Is  somewhat  higher 
than  the  pressure  entering  the  acceptor  because  of  the 


TABLE 

III 

SHOCK  VELOCITY 

IN  LUCITE 

AND  HgO, 

OPTICAL 

DATA 

Exp t. No* 

Conversion 

Factor** 

^L 

mm/us ec 

UH2O 

mm/usec 

^H20 

mm/p.sec 

Uj^(calc) 

mm/txsec 

5 

4.045 

2.701 

1.840 

0.162 

0.128 

6 

4.274 

2.744 

1.817 

0.160 

0.125 

7 

2.958 

2.990 

2.150 

0.512 

0.250 

8 

2.911 

2.952 

2.069 

0.281 

0.224 

**  The  conversion  factor  contains  both  the  magnification 
factor  and  time  factor. 


PRESSURE-  (  Ubor) 


PRESSURE  (Kbar) 


DISTANCE  (MM) 
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impedance  mismatch  between  the  donor  and  acceptor,  it  is 
hoped  that  this  scale  of  P  vs  X  will  offer  additional 
guidance  in  the  sensitivity  work.  This  is  especially  so 
since  the  Impedance  of  Lucite  is  so  near  the  range  found 
for  most  explosives.  The  pressures  required  to  initiate 
the  explosives  TNT  (5^,5  kbar).  Composition  B  (19  l^bar) 
and  tetryl  (10  kbar)  have  been  Indicated  in  Figure  IX. 


TABLE  IV 

CALCULATED  PRESSURE  AND  DISTANCE  DATA  FOR  LUCITE 


Distance 

mm 


Pressure 

Kbar 


5 

10 

20 

50 

40 

50 

60 

70 

80 

90 

100 


75.^7 
66, 08 
50,95 
56.85 

26.51 

18,29 

12.44 

8,51 


06 

55 
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A  COMPUTATIONAL  TREATMENT  OP  THE  TRANSITION 
FROM  DEFLAGRATION  TO  DETONATION  IN  SOLIDS 


Co  T,  Zovko  and  A,  Macek 
U,  S,  Naval  Ordnance  Laboratory 
Silver  Springy  Maryland 


ABSTRACTS  Experimental  results  of  the  study  of 
spontaneous  transition  from  deflagration  to  detonation  at 
the  Naval  Ordnance  Laboratory  indicate  that  the  approach 
to  the  problem  can  be  in  two  stages j  the  first  is  the 
formation  of  a  shock  from  pressure  waves  engendered  by  a 
confined  deflagration,  and  the  second  the  shock-initiation 
of  detonation.  Since  a  preliminary  analytical  treatment 
of  the  first  stage,  reported  previously,  led  to  promising 
results,  a  more  extensive  IBM-704  program  has  now  been 
undertaken.  Two  numerical  codes  have  been  tested,  a  pre¬ 
viously  developed  one  based  on  the  so-called  "q-method” 
and  a  special  one  written  for  this  program  which  avoids 
amplitude  fluctuations  inherent  in  the  "q-method"  and  thus 
gives  a  more  realistic  representation  of  a  shock  wave. 
Representations  of  spontaneous  shock  formation  obtained  by 
the  two  numerical  codes  and  by  the  analytical  treatment 
are  discussed  and  compared,^  The  numerical  methods  yield 
the  temperature  as  a  function  of  time  and  location  during 
growth  of  the  shock  and  thus  allow  a  study  of  simple 
chemical  kinetic  models.  Introduction  of  chemical  ki¬ 
netics  into  the  program  gives  a  basis  for  elucidation  of 
the  second  stage  of  the  transition  problem,  namely  shock- 
initiation  of  detonation. 


While  the  phenomena  of  deflagration  (slow,  pressure- 
dependent  burning)  and  detonation  are  reasonably  well 
understood,  spontaneous  transition  from  one  regime  to  the 
other  is  still  in  early  exploratory  stages,  and  it  is  one 
of  the  major  unsolved  problems  in  explosives  technology. 
Gross  experimental  features  of  the  phenomenon  have  emerged 
only  recently  (l,2,^,4,5)o  It  appears  that  the  onset  of 
detonation  in  condensed  explosives  is  preceded  by  a  rela¬ 
tively  long  (up  to  80  iisec)  Interval  of  rapid  burning 
which  propagates  at  a  fraction  (1/10  to  1/5)  the  steady 
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state  detonation  velocity.  There  Is  also  evidence  that  the 
actual  transition  from  rapid  burning  (sometimes  termed  "low 
order  detonation")  to  steady  state  detonation  takes  place 
rapidly  (within  several  microseconds)  at  a  plane  some 
distance  ahead  of  the  burning  front. 


The  evidence  thus  far  Is  consistent  with  the  hypothesis 
that  the  onset  of  detonation  is  due  to  a  shock  wave  which 
arises  spontaneously  as  a  result  of  deflagration,  and  which 
initiates  detonation  In  unburnt  explosive.  The  hypothesis 
was  subjected  to  quantitative  scrutiny  at  this  Laboratory; 

In  addition  to  experiments  mentioned  above,  a  preliminary 
theoretical  treatment  was  carried  out  (6)  by  means  of  the 
following  model;* 

A  thermally  initiated  (slow)  laminar  flame 
progresses  Into  a  homogeneous  solid  explosive  charge. 
Pressure  of  the  hot  products,  because  of  rigid  con¬ 
finement,  Increases  steeply  and.  In  consequence, 
sends  compression  waves  into  unburnt  explosive. 

On  this  basis  It  was  shown  that  compression  waves  thus 
formed  coalesce  Into  a  shock  wave  within  10-15  cm  from  the 
region  of  thermal  initiation.  Since,  experimentally,  the 
typical  pre-detonation  distance  Is  in  the  same  range  (6-l4 
cm).  It  appears  reasonable  to  suppose  that  the  theoreti¬ 
cally  computed  shock  Is  the  direct  cause  of  detonation. 

While  the  analytical  methods  thus  give  promising  re¬ 
sults,  It  Is  very  desirable  to  extend  the  treatment  In  two 
ways:  first,  by  repeating  the  computation  using  different 
equation  of  state  parameters  and  different  shock-generating 
pressure  pulses;  and  second,  by  calculating  the  energy  (or 
temperature)  as  a  function  of  time  and  distance.  The 
latter  computation  can  then,  In  principle,  be  used  to  study 
the  chemical  kinetics  of  the  explosive  reaction  during 
build-up  and  thus  elucidate  the  transition  phenomenon. 

Such  an  extension  clearly  calls  for  machine  computation. 

This  report  gives  an  introduction  to  the  computational 
program  which  is  now  In  progress. 

The  report  consists  of  four  parts.  The  first  part 
describes  the  scope  of  the  program  treated  sc  far  and  the 
equation  of  state  used.  The  second  and  third  parts  de¬ 
scribe  two  different  numerical  codes  for  the  IBM-704  com¬ 
puter  and  compare  the  results  from  these  codes  with  the 
previously  obtained  analytic  results.  The  fourth  part 
describes  the  shock  formation,  chemical  kinetics  and  shock 
Initiation. 


ence  6  gives  the  conceptual  and  analytical  basis  of 
omputational  work  described  below,  and  it  will  be 


*  Reference 

the  compu.,v.^ -  -  - 

frequently  referred  to  In  the  subsequent  pages. 
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SCOPE  OF  THE  PROBLEM 
Ao  Hydrodynamics 

As  has  been  stated  above,  the  approach  to  the 
problem  of  transition  to  detonation  at  the  Naval  Ordnance 
Laboratory  has  been  via  two  stages »  The  first  one  is 
formation  of  a  shock  from  pressure  waves  engendered  by  a 
confined  deflagration „  The  second  one  is  shock- initiation 
of  detonationo 


The  shock  formation  problem  is  programmed  in  the 
following  ways  The  difference  equations  for  conservation 
of  mass,  momentum  and  energy  are  written  down  as  applied 
to  a  one-dimensional  flow  problem.  The  explosive  charge, 
which  obeys  an  equation  of  state  described  below,  is 
divided  into  M  zones  (0<rN<500),  At  time  t=0  the  pressure 
throughout  the  charge  is  fixed  at  a  low  but  finite  value 
(P(t=0)  =  0,08  kbar).  At  subsequent  times,  the  near  bounda 
ry  is  subjected  to  prescribed  pressures  increasing  with 
time.  The  result  is  that  compression  waves  of  increasing 
amplitudes  travel  forward  from  the  near  boundary. 

For  a  realistic  description  of  the  transition 
process  the  pressure  at  the  near  boundary  must  simulate 
the  backing  pressure  rise  in  a  confined  deflagration.  In 
such  a  case  the  theoretical  relationship  between  P  and  t, 
derived  in  Ref,  6,  is  given  by 


where  K  and  A  are  constants j  at  low  pressures  this  is 
suffici6ntly  well  approxitnated  by  th6  exponantlal  P=Pq6 
where  Po  (lo6.  pressure  at  t=0)  and  k  are  experimental 
parameters.  The  exponential  form,  which  was  used  previous¬ 
ly  in  the  analytical  treatment,  is  used  also  in  the  machine 
computations.  However,  an  indefinitely  long  exponential 
pressure  Increase  would  be  unrealistic,  because  it  would 
lead  to  unreasonably  high  pressures  as  well  as  to  extremely 
high  values  of  dP/dt,  In  reality,  such  a  situation  does 
not  occur;  rather,  the  pressure  will  increase  until  the 
confinement  is  broken  and  then  decrease.  As  a  crude 
simulation  of  such  behavior  the  pressure  in  the  computation 
is  allowed  to  increase  exponentially  until  about  10  micro¬ 
seconds  after  the  estimated  bursting  pressure  of  the  steel 
casing  has  been  attained;  thereafter,  the  pressure  is 
assumed  constant.  The  last  stipulation  ‘^ay  be  at  least 
partly  Justified  if  one  assumes  that  the  actual  pressure 
decrease  is  relatively  slow;  it  appears  rather  more 
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realistic  than  the  other  extreme,  namely  a 
pressure  drop  to  zero,  which  would  cause  too 
rarefaction  to  set  In,  Thus  the  assumed  near  boundary 

condition  is 


P  =  Poe 


kt 


P  *  P 


max 


t  -  t(Pmax^ 


Hydrodynamlcally,  the  problem  of  coalescence  of  com 
presslon  waves  Into  a  shock  can  be  divided 
In  the  first  part  the  compression  is  ^ 
flow  is  simple.  The  compression  energy  is  Eg  and  the 
temperature  attained,  Tg,  is  given  by  Tg  -  Tq  “  ^  .  where 
C  is  heat  capacity  of  the  explosive  and  Tq  the  ambient 

tlranerature  This  part  was  treated  analytically  in  Ref*  o 
bnSrmeScd  of  chlracterlstlos  The  -ethoa.  In  fact,  le 
valid  only  for  such  simple  flow  (i.e.  no  shocks);  it  does 
not  give  a  basis  for  further  calculation;  in 
?r cinnot  show  where  and  when  the  shock  becomes  strong 
enough  to  initiate  detonation. 

The  second  part  of  the  problem  J5e 

■p  a^mr^^o  The  flow  theH  ceases  to  be  simple  ana 

the?e  is  an  increase  of  entropy  across  the  compression  wave 
As  P  and  dP/dt  at  the  near  boundary  increase,  shock  com- 
As  P  and  ar/at  described  by  the  Rankine-Hugoniot 

fs  SpeSS  to  be  the  region  of  coAdl- 

nature  is  hereby  defined  such  that 


<  ^  ^  ~  <  1 

<  ^  Eh-  Ei 


(2) 


Here  E  Et  and  E„  are  actual  (computed),  laentroplc  and 

=rr^s  Is^SSJoJiri^flow  is 

isentropic  ( 4S=0),  an  alternative  parameter,  0  <  f 
AS  ^1,  could  be  defined  to  measure  the  extent  of  shock 

Sture).  The  two  parts  of  the  hydrody^mic^problem^are 

“p:r  urtlffhe  rarameter?'-  L  corresponds  to  a  full 
grown  shock. 
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While  in  a  condensed  medium  the  difference^  for  a 
given  pressure ^  in  energy  (and  consequently  in  temperature) 
between  the  two  modes  of  compression  characterized  by  the 
extreme  values  of  ^  will  not  be  large^  the  difference  in 
chemical  reaction  rates  should  be  quite  considerable  and 
may  mean  a  difference  between  failure  and  initiation  of 
detonation.  Hence  it  is  convenient  that,  in  addition  to 
pressure,  another  parameter  specifying  the  energy  be  known, 
^  has  been  chosen  because  it  gives  a  direct  indication 
of  deviation  from  simple  flow  conditions, 

B„  Equation  of  State 

A  generalized  Tait  equation  of  state  has  been 
chosen  to  represent  the  solid  explosive 

(P  +  B)  V  -  (Pq  +  B)  Vo  =  (y  -  1)  (E  -  Eo)  (5) 

With  appropriate  values  of  the  constants  B,  and  y,  the 
equation  gives  a  remarkably  realistic  representation  of 
the  compression  of  solid  explosives  over  a  wide  range  of 
pressures*.  Combined  with  the  isentropic  condition, 

dE  =  -PdV,  (4) 

the  equation  reduces  to  the  form  used  in  Ref,  6  (which  does 
not  Include  the  energy); 


Explicit  equations  relating  the  various  properties  for 
isentropic  compression  and  for  shock  compression  on  the 
basis  of  Eqn,  3  are  collected  in  Table  I, 

The  arbitrary  parameters  chosen  in  Ref,  6  were  B  = 
105  kbar,  7=5.  The  choice  deserves  a  comment. 

If  Eqn,  (5)  is  to  be  fitted  to  a  set  of  data  in  a 
certain  range  of  pressures,  the  constants  B  and  7  can,  in 
general,  be  assigned  any  convenient  values.  If,  however, 
the  lower  limit  of  the  range  is  P  =  o,  by  virtue  of  the 
relation 

C  =  V  (6) 


*  The  authors  are  indebted  to  Dr,  S,  J.  Jacobs  for  having 
pointed  out  the  promising  possibilities  of  this  extreme- 
ly  simple  equation. 


610 


SUMMARY  OF  ISENTROPIC  AND  HUGONIOT  FORMS  OF  THE  EQUATION  OF  STATE 

USED  IN  THIS  REPORT 


Zovko 


the  value  of  B  is  fixed  by 

Qq^ 

B  =  ^  (6« ) 

This  is  certainly  the  case  in  the  shock  formation  problem, 
where  in  the  early  stages  of  shock  growth,  the  pressure  is 
quite  lowo  The  value  B  ®  I05  kbar  used  in  Ref*  6  corres¬ 
ponds  to  an  initial  sonic  velocity  Cq  =  2o56  mm/|xsec, 
which  is  an  average  of  the  range  of  2.25  “  2.85  mm/M,sec 
found  by  Majowicz  (7)  for  a  series  of  explosives.  Thus 
the  value  of  this  parameter  is  realistic. 

There  is  no  doubt  that  the  value  of  7  =  5^  used  in 
Ref  6  (and  by  some  earlier  workers),  is  too  low,  because 
it  gives  an  unrealistically  high  compressibility.  The 
reason  why  the  value  has  been  used  at  all  is  twofold. 
First,  it  is  a  carry-over  from  calculations  of  high 
pressure  gases,  such  as  detonation  products,  in  which  the 
Eqn.  5  with  B  ®  0  and  7  —  5  gives  reasonable  results. 
Second,  and  perhaps  more  important,  the  choice  of  7  =  3 
lends  convenient  tractabllity  to  hydrodynamic  equations. 

In  particular,  it  allows  the  boundary  path  in  the  shock 
formation  problem  to  be  evaluated  in  closed  form  (see  Ref. 
8)j  this  would  be  impossible  for  any  value  7  >3  (and 
probably  for  most  non-integral  values). 

Figure  1  shows  a  comparison  of  the  computed  P  -  V 
relation  for  two  different  sets  of  parameters  B  and  7  as 
well  as  experimental  data  of  Majowicz  and  Jacobs  (9)o  The 
high  compressibility  of  a  hypothetic  material  for  which 
7  =  3  is  evident.  The  value  of  7  =  4,5^  oh  the  other  hand 
(combined  with  B  =  100  kbar)  is  very  realistic,  and  it  is 
the  current  choice  for  the  machine  computations.  However, 
since  the  analytical  treatment  exists  (Ref.  6)  in  which 
the  first  set  of  values  was  used  (7  =  3,  B  ®  105 ),  the 
preliminary  computations  discussed  below,  were  run  with 
this  set  of  parameters  for  the  sake  of  comparison. 

The  sonic  velocity,  corresponding  to  B  =  100  kbar,  is 
2.5  mm/jj-sec,  a  most  reasonable  value. 

NUMERICAL  SOLUTION  OF  HYDRODYNAMIC  PROBLEMS  (GENERAL) 

The  general  hydrodynamic  problem  is  a  solution  of  the 
equations  of  motion,  state  and  energy  release  subject  to 
appropriate  boundary  conditions.  The  equations  of  motion 
for  a  one  dimensional  case  are 

n  (conservation  of  momentum)  (7) 

at 
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FIGURE  1  -  Experimental  and  Theoretical  Hugonlot 
Curves  for  Unreactlve  Explosives 
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-dE 

Wo  ” 

^  +  P  ^  =  0  (conservation  of  energy 

(8) 

and  Pq 

av  _ 
at 

Vi 

(conservation  of  mass),  (9) 

where 

t 

=  time 

Po 

=  initial  density 

u 

=  particle  velocity 

p 

=  pressure 

E 

=  specific  Internal  energy 

Q 

=  heat  added  per  unit  mass  (from  chemical 
reaction) 

V 

=  specific  volume 

X 

=  distance 

relation 

X 

=  Lagrange  coordinate  defined  by  the 

.§.ISj^.PA  =  Pq  v(x,t)  . 

d  X.  U  ' 

The  equation  of  state  is 

P  =  0(E,V)  <,  (10) 

The  equation  of  chemical  energy  release  is 


^  =  R(Q,E,V)  .  (11) 

at 

One  way  to  obtain  a  solution  is  by  numerical 
techniques o  This  consists  of  dividing  the  Lagrange  space 
coordinate  (x)  into  a  number  of  equal  zones  and  approxima¬ 
ting  the  differentials  in  equations  1,  Q,  9  and  11  by 
finite  difference  ratios «  In  the  difference  equations, 
the  dependent  variables  are  usually  specified  at  the 
interfaces  between  the  zones  or  at  the  centers  of  the 
zones  o 
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The  boundary  conditions  must  specify  the  values  of 
the  dependent  variables  for  all  values  of  the  Lagrangian 
space  coordinate  (x)  at  time  zero  and  for  the  end  points 
(x  =  0  and  X  =  at  all  times.  Once  the  boundary 

conditions  are  specified  the  difference  equations  can  then 
be  solved  to  obtain  the  values  of  the  variables  at  the 
Interior  points. 

Most  differencing  schemes  have  the  limitation  that 
they  cannot  handle  discontinuities.  The  equations  of 
motion  (Eqns.  7,  8  and  9)  admit  discontinuous  solutions; 
in  fact,  the  discontinuities  are  the  most  interesting 
parts  of  the  solutions.  Two  methods  of  overcoming  this 
difficulty  will  be  discussed  in  the  next  section. 

The  time  Increment  (4t)  used  cannot  be  chosen  arbi¬ 
trarily.  A  stability  analysis  (Ref.  10)  of  the  problem 
will  yield  a  maximum  value  of  4  t  with  which  reasonable 
results  can  be  obtained .  Stability  analysis  is  an  analy¬ 
sis  of  the  history  of  an  arbitrarily  Introduced  error. 
Usually  a  critical  value  of  A  t  will  be  determined  such 
that  if  4  t  were  to  be  made  larger  than  this  critical  value, 
the  error  will  increase,  if  4  t  were  to  be  made  smaller 
than  this  critical  value,  the  error  will  decrease  and  if 
A  t  la  made  equal  to  this  critical  value  the  error  will 
remain  constant. 

TWO  SPECIFIC  METHODS  OP  OBTAINING  NUMERICAL  SOLUTIONS  TO 
HYDRODYNAMIC  PROBLEMS 

Two  methods  of  handling  discontinuities  will  be  dis¬ 
cussed  in  this  section.  They  are  the  Richtmyer-von  Neumann 
"q"  method  (Ref.  11)  and  the  Lax  method  (Ref.  12). 
both  methods  discontinuities  are  approximated  by  steep  but 
finite  slopes. 

The  ”q"  method  eliminates  discontinuities  by  the  in¬ 
clusion  of  an  artificial  dissipative  term.  Physically  it 
can  be  considered  as  a  one“dlaienslonal  viscosity*  Tnls 
dissipative  term  "q"  is  defined  by  the  equation 


(K^  x)^  ^ 

q  »  -  V  •  ax  • 


ax 


(12) 
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where  K4x  =  arbitrary  constant,*  K4  x  is  approxi¬ 
mately  1/5  the  distance  over  which  the  Shock  is  spread. 

The  term  *‘q”  is  added  to  the  pressure  (P)  and  Eqns, 
(7)  and  (8)  became  respectively, 


5u 

0  5t 

d 

(p  +  q) 

and 

(15) 

0E 

—  + 

St 

(p  +  q) 

dZ  ^  0 

St 

*  (14) 

Equation  (9),  which  does  not  contain  pressure,  is  unchanged. 

The  resultant  set  of  equations  (Eqns,  (9)j  (10 (H)# 
(15)  and  (14)  do  not  have  discontinuous  solutions.  The 
solutions  of  the  modified  equations  and  the  original 
equations  are  very  nearly  the  same  except  in  regions  where 
the  solution  of  the  original  equations  would  have  a  dis¬ 
continuity,  Equations  (9)^  (10),  (11),  (15)  and  (14) 
approximate  the  discontinuity  by  a  smooth  but  steep  curve. 

The  Hugoniot  relation  across  a  shock, 

Ef  -  El  =  I  (Pi  Pf)  (Vi  -  Vf)  ,  (15) 

is  not  affected  by  the  Inclusion  of  q. 


Thus  the  "q”  method  is  successful  in  that  it  elimi¬ 
nates  discontinuities  and  gives  a  good  approximation  to  the 
true  solution  in  every  aspect  except  details  of  the  shock, 

A  computer  (IBM  704)  program  which  utilizes  the  "q" 
method  and  a  second  order  differencing  scheme  was  con¬ 
structed  at  the  Naval  Ordnance  Laboratory  by  W,  Walker, 

Some  results  from  this  code  will  be  discussed  in  the  next 
section. 


Another  method  for  handling  the  problem  of  disconti¬ 
nuities  was  devised  by  Lax  (Ref,  12),  While  the  "q” 
method  involves  a  quasi-physical  concept  and  a  modifica¬ 
tion  of  the  equations  of  motion,  the  Lax  method  does 
neither.  Rather,  it  handles  discontinuities  by  the  nature 
of  its  unusual  differencing  scheme.  The  Lax  scheme 


*  Considering  the  arbitrary  constant  as  the  product  of  K 
and  4  X  is  superfluous  at  this  stage  of  the  discussion 
However,  when  the  differential  equations  are  replaced 
by  finite  difference  equations  the  A  x  mentioned  above 
and  the  4  x  used  as  the  increment  of  the  independent 
variable  are  identical,  Kls  a  dimensionless  constant 
usually  near  unity. 
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requires  that  all  of  the  differential  equations  be  In 
perfect  differential  form,  i.e. 


.  dY  dZ 


(16) 


where  A  is  a  constant.  This  differential  equation  is  then 
differenced  in  the  following  way 


In  this  case  the  Lax  difference  scheme  approaches  an 
ordinary  forward  difference  scheme.  Therefore,  in  normal 
regions,  the  solution  obtained  by  the  Lax  scheme  approaches 
the  analytic  solution. 

In  regions  where  is  high  (at  shocks)  Eqn,  (18) 

is  not  valid  and  the  Lax  scheme  comes  into  effect.  It 
causes  any  discontinuities  (or  other  extreme  changes)  to 
be  replaced  by  a  steep  but  smooth  change. 


As  mentioned  earlier,  the  equations  of  motion  must  be 
in  perfect  differential  form  if  the  Lax  scheme  is  to  be 
used.  The  equations  of  conservation  of  mass  (Eqn.  (9)) 
and  momentum  (Eqn.  (7)  and  the  equation  of  chemical  energy 
release  (Eqn.  (11))  are  already  in  perfect  differential 
form.  A  fourth.  Independent,  perfect  differential  equa¬ 
tion  must  be  constructed.  This  can  be  done  by  multiplying 
Eqn.  (7)  by  u,  Eqn.  (8)  by  Pq  and  Eqn.  (9)  by  -P  and 
adding  the  results 


dt 


+  ^ 

at 


(19) 


,,  c>P  p  du 


617 


Zovko 


Simplifying; 

Or.  ^  (1  +  E  -  Q)  “  -  A  (Pu)  (20) 

One  of  the  results  of  this  task  Is  a  computer  (IBM 
704)  program  to  solve  hydrodynamic  problems  by  the  Lax 
method o  Appendix  I  gives  a  description  of  this  program. 


Comparison  of  Analytic 


and  Lax.  Methods 


The  general  hydrodynamic  problem  solved  numerically 
by  the  "q”  and  Lax  methods  as  described  above,  will  bow  be 
compared  to  the  previously  obtained  analytic  solution  (6), 
The  same  equation  of  state  and  boundary  conditions  were 
used  in  all  three  calculations.  Equation  (5)  was  used  as 
the  equation  of  state.  It  was  assumed  that  no  reaction 
took  place  so  Q(x,t)  was  set  equal  to  zero. 


The  following  boundary  conditions  were  used  In  all 
three  calculations 

P  (0,t)  “  P(0,0)  e^^  for  t  ^  60  iisec; 

k  =■  ,1  n-sec"^ 

P  (0,t)  =  P(0,60)  for  t  ^  60  M-secj 

P  (xmax,t)=  P(O^O) 

P  (x,0)  =  P(0,0) 


u  (x,0)  =*  0 

P  (0,0)  “  .08  kbars 

V  (x,0)  =  .6245  cc/gm  and  E  (x,0)  =  2  x  10^  ergs/gra  were 
the  values  calculated  for  an  adiabatic  compression  from 
.001  to  .08  kbars.  These  boundary  conditions  approximate 
the  boundary  conditions  realized  In  the  experimental  work. 

Figure  2  compares  the  P  -  X  plots  at  66  p.sec  obtained 
from  the  analytic,  "q"  and  Lax  methods.  Except  for 
fluctuations  in  the  plateau,  the  "q"  method  agrees  more 
closely  with  the  analytic  method  than  does  the  Lax  method. 


Figure  5  compares  P  -  X  plots  at  100  |xsec  obtained 
from  the  "q"  and  Lax  methods.  At  this  time  a  real  solu¬ 
tion  would  have  a  discontinuity  extending  slightly  below 
the  plateau.  The  "q”  method  gives  a  somewhat  closer 
approximation  to  this  discontinuity  than  does  the  Lax 
method.  However,  the  ”q"  gives  severe  flue tuatlone 

in  the  plateau,  while  the  Lax  method  gives  none. 
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X  (era) 

FIGURE  2 

Pressure-Distance  Profiles  as  Computed  by  the 
Lax,  "q"  and  Analytic  Methods 

The  time  of  the  computation  Is  66.1  psec  after 
the  first  application  of  pressure. 
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12  15  18  21  24 


X  (cm) 

FIGURE  5 

Pressure-Distance  Profiles  as  Computed  by  the 
Lax  and  Methods 

The  time  of  the  computation  Is  100  [isec  after 
the  first  application  of  pressure » 
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Because  of  the  exponential  dependence  of  reaction 
rates  on  temperature  (l.e,  energy),  the  spurious  fluctu¬ 
ations  Inherent  In  the  "q"  method  render  the  "q”  method 
almost  useless  for  reaction  rate  studies.  Therefore  all 
further  numerical  work  discussed  in  this  report  is  based 
on  the  Lax  scheme. 

SHOCK  FORMATION  AND  INITIATION 

A.  Shock  Formation 

The  analytic  solution  (Ref.  6)  to  this  problem 
showed  that  a  shock  had  started  to  form  at  about  12  cm 
from  the  boundary  at  90  psec.  The  analytic  method  cannot 
give  the  rate  of  shock  growth. 

The  rate  of  growth  of  the  shock  Is  illustrated  In 
Fig.  4  which  gives  energy-distance  (or  temperature-distance) 
profiles  at  several  different  times  as  computed  numerically 
by  the  Lax  method  using  the  previously  defined  boundary 
conditions  and  equation  of  state.  The  generating  pressure 
pulse  was  allowed  to  increase  exponentially  for  60  p-sec  so 
that  the  maximum  pressure  reached  was  Ptnax  “  32.27  kbarsj 
thereafter  the  boundary  pressure  remained  at  52.27  kbars. 

In  Fig.  4,  the  upper  horizontal  line  gives  the  energy  that 
would  result  from  a  shock  compression  to  52.27  kbars;  the 
lower  line  gives  the  energy  that  would  result  from  an 
Isentropic  compression  to  52.27  kbars.  The  actually  com¬ 
puted  energy  has  increased  perceptibly  above  the  limiting 
isentropic  value  at  72.1  psec,  at  which  time  the  com¬ 
pression  front  is  about  5.5  cm  from  the  boundary.  However, 
the  transition  from  the  isentropic  compression  to  the 
shock  compression  is  continuous;  there  is  no  sharp  point 
of  shock  formation. 

The  growth  of  the  shock  is  also  shown  in  Fig.  5> 
in  which  the  parameter  C  (evaluated  at  the  compression 
front)  is  plotted  against  time.  The  figure  also  gives  the 
location  of  the  compression  front  as  a  function  of  time, 
so  that  the  extent  of  the  shock  nature  (  f )  in  the  front 
can  be  read  both  as  a  function  of  time  and  distance. 

B.  Shock  Initiation 

Figures  4  and  5  show  that,  assuming  a  chemically 
inert  medium,  the  shock  wave  is  half  developed  (  ^  ”  *5) 
when  the  compression  wave  has  travelled  about  lb  cm  into 
the  charge.  The  next  step  was  to  see  whether  the  temper¬ 
atures  generated  were  sufficient  to  start  a  detonation 
in  an  actual  (i.e.  chemically  reactive)  explosive,  and 
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where  the  detonation  would  start.  The  latter  point  is  of 
particular  interest  because,  experimentally  in  the  NOL- 
DDT  test  (Ref,  6),  the  detonation  starts  about  15  cm, 
into  the  charge. 

The  computed  point  of  initiation,  in  general, 
could  be  located  anywhere  between  the  boundary  and  the 
wave  front.  As  seen  in  Fig,  4,  the  layer  of  explosive 
near  the  compression  front  is  at  a  temperature  higher  than 
that  of  the  boundary,  but  its  residence  time  at  that 
temperature  is  shorter.  The  point  at  which  the  chemical 
reaction  rate  becomes  sufficiently  high  to  generate  a 
detonation  wave  will  evidently  depend  on  the  specific 
parameters  used  in  the  computation. 


In  order  to  see  if  the  theoretical  model  agrees 
with  the  experiments,  a  simple  first  order  kinetic  model 
was  used ,  i . e , 


Ea 

HflxTiJ 


(21) 


Wh.BX’C  § 

F(x,t)  =  mass  fraction  of  burnt  explosive, 

A  “  preexponential  factor, 

Eq  =  activation  energy, 

R  =  gas  constant, 

and  T(x,t)  =  temperature. 


T(x,t)  is  defined  by  the  equation 
T(x,t)  =  Tq 

Since  Q(x,t)  is  the  energy  liberated  by  the  chemical  re= 
action  at  a  point  (x,t)  and  is  the  heat  of  explosion 
of  the  explosive,  then 


F(x,t) 


(23) 


Therefore,  equation  (21)  can  be  rewritten  as 

% 

^  AH  (  1  »  )  Ae”  (gli) 
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This  Is  the  explicit  form  of  equation  (11 )  that  was  used 
in  the  following  calculations.  The  constants  in  eqviations 
(22)  and  (24)  are 


Cv  *  1.254  X  107 

/iH  =  5.016  X  10^°  e’^SS/gm 
A  =  10^^  sec“^ 

Ea  =  35  >000  ‘^^Vmole. 

A  computer  run  was  made  using  the  previously 
discussed  boundary  conditions  and  equation  (24)  to  compute 
the  reaction  rate.  The  maximum  pressure  was  32.27  kbars. 
The  computed  temperatures  were  too  low  to  cause  any  ap¬ 
preciable  reaction.  The  run  gave  results  almost  identical 
to  the  run  represented  in  Fig.  4. 

Figure  6  Illustrates  the  most  Important  result  of  this 
run.  It  is  a  plot  of  F(x,t)  vs  x  at  several  different 
times.  It  shows  that  after  the  shock  is  partly  developed, 
the  greater  reaction  rate  in  the  Interior  (due  to  the 
greater  temperature  Increase  from  the  partly  developed 
shock)  causes  the  reaction  to  proceed  farther  than  it  does 
at  the  boundary. 

A  subsequent  run  was  made  with  one  important  change. 
The  near  boundary  pressure  was, 

P(0,t)  =  .08  e*^^  kbars  for  t  —  67,5 

k  =  .1  M-sec"^ 

P(0,t)  =  .08  kbars  =  68.32  kbars  for 

t  —  67.5  M'Sec 

The  higher  pressure  caused  the  temperature  (l.e.  energy) 
to  reach  higher  values  than  in  the  previous  run.  The 
reaction  rates  from  these  higher  temperatures  were  great 
enough  to  cause  the  reaction  to  go  to  completion.*  The 
reaction  first  went  to  completion*  17.7  cm  In  from  the 

*  The  first  order  reaction  assumed  here  would  never 

actually  go  to  completion,  but  In  a  numerical  computa¬ 
tion  the  reaction  goes  to  completion.  The  error  Is 
completely  negllblble. 
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boundary.  Figure  7  illustrates  the  course  of  the  reaction. 
It  is  a  plot  of  F(x,t)  vs  X  at  several  different  times. 

Figure  8  is  a  plot  of  T(x,t)  vs  x  at  two  different 
times  from  two  different  computer  runs.  In  one  run  the 
material  was  assumed  to  be  non  reactive;  in  the  other  run 
the  material  was  assumed  to  be  reactive.  The  times  chosen 
were  slightly  before  and  slightly  after  the  reaction  went 
to  completion  in  the  reactive  run.  The  Interior  tempera¬ 
ture  is  higher  than  the  boundary  temperature;  this  coupled 
with  the  exponential  dependence  of  reaction  rate  on 
temperature  caused  the  reaction  to  go  to  completion  in  the 
interior  before  it  went  to  completion  at  the  boundary. 

Figure  9  is  a  plot  of  pressure  vs  x  at  several 
different  times  for  the  68.32  kbar  maximum  pressure,  re¬ 
active  explosive  calculation.  It  shows  the  development 
of  the  detonation  wave. 

DISCUSSION 

Measurements  and  rough  calculations  (Ref.  6)  Indicate 
that  the  maximum  boundary  pressure  attained  in  the  NOL-DDT 
test  is  about  32  kbars.  Calculations  based  on  this  maxi¬ 
mum  pressure  and  homogeneous  first  order  kinetics  show  no 
appreciable  reaction.  This  is  not  surprising  since  it  is 
almost  certain  that  initiation  by  weak  stimuli  (e.g.  weak 
shocks)  requires  some  mechanism  of  stress  concentration 
(e.g.  occluded  grit  or  gas  bubbles).  The  Important  result 
from  the  32  kbar  calculation  was  the  observation  that  the 
reaction  inside  the  charge  surpassed  the  reaction  at  the 
boundary. 

A  later  calculation  was  made  based  on  a  maximum 
boundary  pressure  of  68  kbars.  This  was  done  to  compen¬ 
sate  for  the  absence  of  stress  concentrating  mechanisms 
in  the  model  used.  This  pressure  was  adequate  to  cause 
initiation  of  the  explosive.  The  initiation  started  in 
the  interior  at  a  location  comparable  to  the  experimental 
results . 

It  was  concluded  from  these  calculations  that  the 
shock  formation-shock  initiation  model  for  the  transition 
from  deflagration  to  detonation  is  essentially  correct. 
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FIGURE  7  “  Fraction  Reacted  vs  Distance  at  Several  Different  Times 
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FIGURE  8  X  (cm) 

Temperature  vs  Distance  at  Several  Different  Times  with  Reactive  and  Non-Reactlve 
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APPENDIX  I 

As  a  part  of  this  task  a  computer  (IBM  70^)  program 
was  constructed  to  solve  hydrodynamic  problems  on  the 
basis  of  the  Lax  scheme.  The  program  consists  of  a  main 
routine  in  which  the  equations  of  motion  are  integrated 
and  certain  other  unchanging  operations  are  performed. 
Calculations  involving  the  equation  of  state,  reaction 
rates,  boundary  conditions  and  stability  are  carried  out 
In  subroutines.  Thus  if  any  of  these  things  must  be 
changed,  only  the  appropriate  subroutine  need  be  re¬ 
programed  . 

The  program  runs  according  to  the  flow  diagram  In 
Figure  10.  The  following  are  notes  to  Figure  10: 

(1)  The  stability  analysis  of  this  system  shows  that 

V 

At  <  pQ  Q 

^  t  Is  computed  at  every  Interface  and  the  smallest  value 
is  used. 

(2)  At  this  step  the  equations  of  conservation  of 
mass  and  momentum  are  Integrated.  The  equation  of  conser¬ 
vation  of  mass  (Eqn.  9),  when  differenced  according  to  the 
Lax  scheme,  becomes 

^  (  vr'*-  I  (''XH-4X  ♦  -  2^  (Ux«X  -  oJ-4x) 

Since  the  values  of  all  of  the  variables  are  known  at  t, 
this  equation  can  be  used  to  evaluate  .  Likewise, 

the  equation  of  conservation  of  momentum  (Eqn.  7 )  when 
differenced  according  to  the  Lax  scheme  becomes, 

^  I  ("x^.x  "  ”L.x))  ■  sk  (fx.«  -  pLx) 

since  the  values  of  all  of  the  varlable|^|^e  known  at  t, 
this  equation  can  be  used  to  evaluate 

Since  0  <  X  <  Xo,ax»  above  two  equations  cannot 

be  used  to  evaluate  the  variables  at  t+At  where  x  »  0  or 

X  because  this  would  demand  values  of  the  variables  at 
msLX 

X  outs  id  6  the  range  0  <C  x  Xj^ax* 
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(3)  At  this  step  the  equations  of  chemical  energy- 
release  and  conservation  of  energy  are  Integrated.  The 
equation  of  chemical  energy  release,  when  differenced 
according  to  the  Lax  scheme,  becomes 


t-s-At  n  -  t 

^X  “  Q  (^X+Ax 


+  Q 


t 

X“AX 


)) 


since  the  right  hand  side  of  this  equation  can  be  ev|luated 

directly.  It  will  not  be  differenced  or  averaged.  are 

evaluated  In  the  reaction  rate  subroutine.  Therefore,  this 

,  ,  ^t+At 

equation  can  be  used  to  evaluate  Q^c 

(4)  The  values  of  the  variables  at  the  boundaries 
(l.e.  at  x  =  0  and  x  =  xtnax)  are  computed  In  the  boundary 
value  subroutine.  The  values  of  the  pressure  P  are  speci¬ 
fied  by  the  eqixatlons, 

P(0,t)  =  ,08  kbar  for  t  ^  t^o 

P(0,t)  «  .08  e^'^^okbar  for  t  —  tco 


P(xtjia,x^t)  =  .08  kbar  for  all  values  of  t 


The  values  of  the  other  variables  at  the  boundaries  are 
computed  from  P(0,t),  equations  J )  9>  H  and 

19.  The  Lax  differencing  scheme  cannot  be  used  at  the 
boundaries  because  It  would  require  values  of  the  variables 
outside  the  range  of  0<x<Xmax*  Therefore  a  different 
differencing  scheme  Is  used.  For  a  partial  differential 
equation  of  the  following  general  type. 


(?l)  =  (H) 


the  following  differencing  scheme  Is  usedj 


A 

2At 


t  t-irAt  t  \ 

X 

^x  *  ^x+4x  ”  ^x+Ax  / 

1  / 

t  t  t+At 

2Ax  ( 

Zx+AX  "  Zx  Zx+Ax 

t+A-t 

Zx 
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ABSTRACT 


A  new  quantitative  approach  to  establishing  the  detonability  of 
propellants  and  explosives  through  a  study  of  the  deflagration  to 
detonation  transition  (DDT)  has  shoxjn  promising  results.  Results 
indicate  that  each  explosive  material  has  a  critical  presstire  above 
which  the  transition  from  deflagration  to  detonation  will  occur. 

The  measurement  depends  on  the  determination  of  burning  rate  as 
a  f-unction  of  pressure.  By  comparing  the  burning  rates  obtained  in 
a  strand  burner  with  those  obtained  for  large  solid  cylinders  in  a 
closed  bomb  at  high  pressure,  a  pressure  is  found  for  each  explosive 
above  which  the  closed  bomb  burning  rate  vs  pressure  curve  turns 
sharply  upward  from  the  normal  burning  rate  vs  pressure  curve  ob¬ 
tained  with  the  strand  burner. 

This  deviation  is  believed  to  be  the  result  of  a  crazing  or 
surface  cracking  of  the  explosive  causing  a  large  increase  in  burning 
area.  This  rapid  increase  in  burning  area  is  considered  to  be  the 
basic  intermediate  step  in  transition  from  deflagration  to  detonation. 

The  pressure  at  which  this  increase  in  burning  surface  begins 
and  the  rate  at  which  it  occurs  can  be  used  as  the  basis  for  a 
quantitative  classification  of  the  detonability  of  explosives. 

This  method  has  been  applied  to  a  number  of  explosives  and 
propellants  and  the  results  are  reported. 

INTRODUCTION 


The  development 
into  the  manufacture 
our  understanding  of 


of  new  high  energy  solid  propellants  which  go 
of  modem  missies  has  reemphasized  the  gap  in 
the  mechanism  of  transition  from  deflagration® 
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to  detonation  (DDT)o  While  the  nmber  of  cases  in  x^hich  actual 
transition  has  occ-urred  in  propellants  is  extremely  small,  the  advent 
of  larger  and  larger  solid  propellant  motors  xri.th  higher  and  higher 
energy  propellants  makes  the  prediction  of  the  possibility  of  such 
an  occurrence  more  and  more  urgent. 

Existing  test  methods  for  evaluation  of  sensitivity  fall  into 
two  basic  categories,  those  involving  initiation  by  shock  and  those 
involving  thermal  initiationo  None  of  the  methods  give  information 
about  a  property  of  the  propellant  or  explosive  which  defines  its 
susceptibility  to  -undergo  transition  from  deflagration  to  detonatiODo 
In  this  paper  I  will  present  a  method  by  which  we  can  quantitatively 
measxire  this  propertyo 

Kistiakowsky  described  the  following  mechanism  for  the 
development  of  detonation  in  a  large  mass  of  granular  or  crystalline 
explosive  ignited  thermally  at  a  localized  region  xjithin  the  bulks- 
As  the  explosive  burns,  the  gases  formed  cannot  readily  escape  be¬ 
tween  the  explosive  crystals  and  a  pressure  gradient  develops o  This 
increase  in  gas  pressure  in  turn  causes  an  increase  in  burning  rate 
which  in  turn  causes  increase  in  pressure  with  constantly  increasing 
velocityo  This  condition  results  in  the  formation  of  shock  waves 
which  are  reinforced  by  the  energy  released  by  the  burning  explosive 
and  they  eventually  reach  an  intensity  where  the  entire  ener^  of 
the  reaction  is  -used  for  propagation  of  the  shock  wave,  and  a  stable 
detonation  wave  is  producedo  A  critical  size  exists  for  each 
material  above  -which  this  deflagration  can  pass  over  into  detonation 
■under  proper  conditions  o  Below  this  size  the  burning  -will  first 
increase,  and  then  decrease  as  the  material  is  constimedo 

The  transition  to  detonation  is  considered  to  be  essentially  a 
physical  process  in  which  the  linear  burning  rate  of  the  bed  of 
material  increases  to  the  rate  of  several  thousand  meters  per  second 
although  the  individual  particles  are  consumed  at  the  rate  of  only 
several  hundred  inches  per  second o 

The  validity  of  this  mechanism  for  propellants  in  granxolar  form 
has  been  demonstrated  by  a  number  of  workers  (2),  (3)o  '^'^le  this 

mechanism  is  applied  to  granxiLar  material  why  should  it  not  apply  as 
well  to  composite  or  homogeneous  propellants,  if  the  growth  of  a 
shock  front  can  be  shown  (4)  which  is  accompanied  by  an  increasing 
break-up  of  the  surface  of  the  propellant? 

The  apparent  non-detonability  (thro-ogh  transition)  of  nitro¬ 
cellulose  propellants  is  due  to  the  dense  surface  preventing  defla¬ 
gration  from  taking  place  in  the  interstices  of  the  materials o  For 
composite  propellant  the  continuo-os  and  highly  elastic  nature  of  the 
binder  probably  prevents  this  type  of  reactiono  However,  it  has  beai 
shown  (5)p  (6)  that  ri^any  higlily  elastic  materials  xd.ll  undergo 
brittle  failure  when  stress  at  very  high  strain  rates  is  applied o 
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GET'TSRAL  APPROACH 


In  the  light  of  experience  with  some  cannon  propellants  in 
closed  bomb  tests  in  which  unexpectedly  high  rates  of  change  of 
oressure  were  observed,  it  was  considered  possible  that  this  tech¬ 
nique  might  be  used  to  demonstrate  this  property  for  rocket  propel¬ 
lants.  It  had  been  found  that  when  the  tested  lot  of  cannon  propel¬ 
lant  deviated  from  normal,  the  occurrence  of  high  rates  of  change  of 
pressure  started  at  a  specific  pressure,  which  was  reproducible. 

Since  the  burning  rate  law  has  been  shown  to  hold  for  these  propel¬ 
lants,  a  reasonable  explanation  is  that  surface  cracking  or  crazing 
occurred  \3nder  the  pressure  and  thermal  stress  of  the  reaction. 

This  increase  in  burning  surface  is  believed  to  be  the  initial  step 
in  the  transition  from  deflagration  to  detonation  and  the  critical 
pressure  and  the  rate  at  which  the  increase  in  surface  area  occurs 
can  be  calculated  from  measurements  made  in  the  closed  bomb. 

The  calculation  of  linear  burning  rate  from  closed  bonib  measure¬ 
ments  has  been  standard  procedure  for  manjr  years,  (?) ,  (8).  From  a 
consideration  of  the  original  geometry  of  a  grain  of  material  and  a 
knowledge  of  the  rate  of  change  of  pressure  in  the  bomb  when  the 
grain  is  bunied,  the  linear  burning  rate  at  any  particular  pressure 
can  be  calculated.  This  calculation  assumes  that  the  grain  is  ignit¬ 
ed  uniformly  over  its  entire  surface  and  always  burns  normal  to  that 
surface.  However,  if  surface  cracking  or  crazing  should  occur,  the 
calculated  linear  b\iming  rates  will  be  far  in  excess  of  the  value 
expected,  and  the  increase  in  surface  area  can  be  calculated  from 
this  apparent  increase  in  linear  burning  rate.  A  detailed  discussion 
of  these  calculations  is  given  in  Appendix  A, 

EXPBRII'iSHTAL  APPROACH 


TNT 

To  determine  whether  this  method  would  throw  any  light  on  the 
burning  of  high  explosives,  cylinders  of  TNT  were  prepared  with 
diameters  of  1"  to* li"  and  lengths  of  from  1"  to  3" .  These  cylinders 
were  machined  from  solid  blocks  of  Tl^T  which  had  been  carefully  cast 
to  make  certain  that  they  conta.ined  no  voids  or  porosity,  lll^tlie 
cylj^nders  were  I'-achined  from  the  same  block  and  were  considereo  to 
have  anproximatelj''  the  same  crystalline  structure .  These  cylinders 
were  placed  in  a  standard  200cc  closed  bomb  with  a  reinforced  cylin¬ 
der  wall  and  fired  with,  a  small  amount  of  Grade  A5  black  powder  and 
an  iO-Al  Squibb.  Tracings  of  tj'pical  oscillograms  resulting  from 
the  firings  are  shoi'm  in  Figure  1.  These  represent  a  series  of 
firings  made  ^Ath  cylinders  of  TNT  at  various  loading  densities. 

In  the  first  of  these  is  inserted  a  line  representing  the  trace  which 
should  have  been  obtained  if  the  cylinder  of  TNT  had  burned  normally. 
However,  in  each  case  note  that  a  marked  deviation  from  normal 
occurred  at  6000—8000  psi.  In  examining  these  tracings  it  must  be 
bom  in  mind  that  the  standard  closed  bomb  instrumentation  produces 
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Closed  bomb  test  TNT 
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an  oscillogram  of  dp/dt  vs  P  and  that  the  horizontal  axis  represents 
P  and  the  vertical  axis  represents  rate  of  change  of  P.  The  scale  is 
varied  to  have  the  trace  fill  the  oscillogram.  The  calculated  scales 
of  P  and  dp/dt  are  added  to  the  tracings. 

When  linear  burning  rates  were  calculated  from  these  traces,  the 
results  shown  in  Figure  2  were  obtained*  An  average  line  is  drawn 
for  burning  rates  calculated  from  the  closed  boiiib  test* 

In  order  to  establish  the  true  burning  rate  for  TNT,  strands 
l/S"  X  1/8"  X  7"  long  were  prepared  by  cutting  them  from  a  block  of 
TNT  similar  to  the  one  used  previously*  These  were  burned  in  a 
strand  burner  using  the  standard  technique  at  pressures  of  from.  1,000 
psi  to  20,000  psi.  The  results  of  these  tests  are  included  in  Fig-ure 
2. 


These  results  show  that  the  calculated  closed  boi±)  burning  rates 
approximately  coincides  mth  the  strand  biorner  resxilt  up  to  about 
6,000  psi  and  then  curves  sharply  upward*  This  "apparent"  increase 
in  burning  rate  is  consistent  wri.th  the  assumption  of  an  increase  in 
burning  surface  which  occurs  on  the  cylinder  due  to  soorface  crazing 
or  cracking.  Figure  3  shows  a  graph  of  the  expected  surface  area  vs 
pressure  due  to  consumption  of  the  TNT  in  the  bomb  (assuming  normal 
biirning  of  the  grain)  and  the  actual  surface  area  of  the  crazed  TNT 
calculated  from  the  dp/dt  of  the  bomb  test  and  the  actual  linear 
burning  rate  of  the  TNT.  This  shows  for  TNT  an  increase  in  surface 
area  of  close  to  20  times. 

It  was  desired  to  determine  whether  this  change  in  slope  was 
strictly  a  pressure  and  thermal  effect  and  independent  of  the  amount 
of  TNT  burned.  Therefore  a  technique  was  devised  whereby  a  quantity 
of  thin  sheets  of  a  very  fast  burning  propellant  was  loaded  into  the 
borrib  with  the  TNT.  On  ignition,  this  material  burned  quickly,  giving 
an  initial  high  press'ore  and  temperature  to  the  bomb  before  any  appre¬ 
ciable  burning  of  the  TNT  took  place.  This  technique  permits  a 
larger  mass  of  TNT  to  be  present  at  higher  pressure.  Measurement 
TnB.de  in  this  showed  no  change  in  the  pressures  at  which  the 
change  in  slope  took  place  in  the  lower  part  of  the  curve  or  in  the 
slope  of  the  piiddle  part  of  the  curve.  However,  an  increase  in  the 
slope  of  the  upper  part  of  the  burning  rate  curve  did  result.  This 
indicates  that  there  is  possibly  some  minirfium  mass  of  explosive 
necessary  to  maintain  the  formation  of  increasing  burning  svirface* 
Further  work  will  be  done  to  investigate  this. 

Composition  B 

Cylinders  of  Composition  B  which  had  been  prepared  in  a  manner 
similar  to  the  TNT  were  then  burned  in  the  bomb  at  varying  loading 
densities.  In  order  to  obtain  adequate  ignition  of  the  Composition  B 
it  was  necessary  to  use  a  small  amount  of  sheet  propellant  as  igniter. 
This  masked  that  part  of  the  curve  below  about  5,000  psi.  However, 
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Fig.  2  -  Linear  burning  rates  of  TNT  obtained 
with  closed  bomb  and  strand  burner 
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Fig.  3  -  Expected  surface  area  vs  actucd  area  obtained 
for  TNT  cylinder  burned  in  closed  bomb 
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strands  cut  frora  the  same  block  of  Composition  B  as  the  cylinders  were 
burned  in  the  strand  burner  to  obtain  the  normal  burning  rate  vs  pres¬ 
s-ore  curve  (Figures  4  &  5)«  This  shows  that  the  break  in  the  Composi¬ 
tion  B  curve  occurs  about  4^^000  -  5,000  psi«  The  slope  of  the  Closed 
Bomb  curve  past  the  transition  may  be  even  greater  than  that  obtained 
for  TNTo  The  surface  area  vs  pressure  curves  for  calculated  normal 
burning  vs  actual  closed  bomb  biarning  of  a  sample  of  Composition  B 
are  given  in  (Fig-ure  6)« 

AEIP  Propellant 

In  order  to  establish  the  applicability  of  this  technique  to 
high  energy  propellants,  a  sample  of  AEIP  propellant  was  subjected  to 
this  closed  bomb  test.  Figure  7  sho^-js  a  series  of  tests  resulting 
from  increasing  loading  densities  up  to  about  l-Jhen  this  was 

increased  to  *43  by  preloading  i-jith  sheet  propellant,  a  change  in 
slope  occ-orred  at  about  35 » 000  -  40,000  psi  similar  to  those  which 
were  obtained  for  TNT  and  Composition  B*  This  was  accompanied  by  a 
disintegration  of  one  of  the  seals  in  the  bomb.  Unfortunately,  each 
time  conditions  were  used  in  which  the  transition  was  expected  to 
show,  the  rate  of  pressure  rise  x^^as  so  great  that  some  part  of  the 
bomb  seal  w^s  destroyed  and  the  trace  was  lost.  A  bomb  is  being 
designed  in  which  we  hope  to  hold  the  pressxrres  produced  and  measure 
transition  pressures  similar  to  those  ob-tained  for  TNT  and  Composition 

Bo 


Figure  8  shows  a  plot  of  linear  burning  rate  vs  pressure  calcul¬ 
ated  from,  the  available  data  for  the  ARP  propellant  b-orned  with  and 
without  preloading.  The  linear  burning  rates  obtained  with  the  strand 
burner  are  almost  coincident  x-jith  those  calculated  from  the  closed 
bomb  at  pressures  of  10,000  psi  and  above. 

Experimental  Propellant 

A  sample  of  highly  sensitive  experim.ental  propellant  was  then 
subjected  to  this  detonability  test.  This  material  had  been  found  to 
be  detonable  x^rith  a  No®  6  blasting  cap*  Cylinders  of  different  dia¬ 
meters  were  tested  and  pressures  up  to  85  thousand  psi  were  obtained. 

A  very  sharp  transition  was  obtained  at  about  15  tho-Qsand  psi.  Also 
the  fall  off  from  the  maximum  dp/dt  begins  at  a  much  lower  percentage 
of  the  maximum  pressure  than  for  the  high  explosive  samples.  Figure 
9  shows  a  plot  of  the  linear  b-uming  rates  calculated  from  the  closed 
bomb  traces*  The  strand  burner  curve  was  extropolated  from  low 
pressure  data  since  strands  of  this  material  were  not  available  for 
high  press-ore  testing*  Figure  10  shows  the  surface  area  relationship 
between  expected  area  and  actual  area  obtained. 

A  preliminary  study  of  the  data  obtained  for  the  ratio  of  c^^lin- 
der  area  to  actual  area  obtained  indicates  the  existance  of  a  dia¬ 
meter  below  which  the  continued  cracking  or  increase  in  surface  area 
stops  and  the  explosive  returns  to  normal  burning  since  there  is  not 
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Fig.  5  -  Linear  burning  rates  of  composition  B  obtained 
with  closed  bomb  and  strand  burner 
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Fig.  9  -  Linear  burning  rate  of  experimental  propellant 
obtained  with  closed  bomb 


PRESS  URE  ,  P  S  I  ( TH  OUS AN  DS) 


10  -  Expected  surface  area  vs  actual  area  obtained 
for  experimental  propellant  burned  in  closed  bomb 
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s^jfficient  material  available  to  develop  a  shock  wave  of  s^rTficient 
intensity  to  go  to  stable  detonation^ 

Figtire  11  shows  the  ratio  of  surface  area  from  closed  bomb  over 
expected  surface  area  for  the  same  cylinder  of  Tl^T  presented  in 
Figure  3o  This  shows  that  the  ratio  increased  until  about  355^  of 
the  grain  was  consumed  then  remained  constant  till  about  305^  of  the 
grain  was  left^ 

An  equivalent  study  for  a  Composition  B  cj'linder  in  Figure  12 
shows  that  here,  the  increase  in  surface  area  did  not  start  to  level 
off  until  about  70^  of  the  grain  was  consumed* 

The  experimental  propellant  was  tested  in  cylinders  of  different 
diameters  and  the  changes  in  burning  rate  as  a  function  of  geometry 
were  calculated*  It  was  found  that  for  cylinders  of  two  different 
diameters,  increases  in  surface  areas  were  obtained  down  to  a 
specific  diameter  which  was  the  same  for  both  sizes  tested*  This 
indicates  the  possibility  that  there  is  a  minimum  diameter  which  is 
characteristic  of  each  material*  This  may  explain  the  fact  that  in 
earlier  work  on  burning  of  explosives  in  a  closed  bomb  done  by  Buck, 
Epstein  and  Jacobs  (Ref*  ?)  under  the  KDRC  the  high  burning  rates 
reported  here,  were  not  observed,  since  the  explosives  were  burned 
in  small  grains* 


CONCLUSION  AMD  APPLICATIONS 


It  would  appear  from  results  of  these  tests  that  for  each  of 
the  materials  studied,  there  is  a  critical  pressure  above  which  the 
transition  from  deflagration  to  detonation  can  occur*  This  is  be¬ 
lieved  to  be  the  result  of  a  surface  craclcing  or  crazing  which  in¬ 
creases  the  burning  siu'face  to  a  point  where  a  shock  front  can  form* 
The  existance  of  this  condition  is  considered  necessary  for  DDT  to 
occur*  If  sufficient  explosive  material  were  available,  the  shock 
front  could  reach  sufficient  intensity  to  establish  a  stable  detona¬ 
tion  front  in  the  explosive* 

The  application  of  this  test  to  explosives  and  propellants 
should  give  us  a  basis  for  a  quantitative  evaluation  of  these 
materials  in  terras  of  critical  transition  pressure,  slope  of  the 
transition  curve  and  minimum  charge  diameter*  This  will  make  it 
possible  to  classify  these  materials  as  to  the  severity  of  the 
conditions  to  which  they  can  be  subjected  before  the  danger  of  DDT 
will  exist*  It  will  also  make  possible  a  study  of  the  effects  of 
temperature,  porosity,  particle  size,  cog^'stal  size  and  other  physical 
variables  on  the  detonability  of  existing  propellants  and  for  new 
materials  as  they  are  developed*  It  will  be  a  valuable  tool  in  the 
development  of  nex^  formxilations  to  studjr  the  effects  of  composition 
and  processing  modifications  on  the  detonability  of  high  energy 
materials* 
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Fig.  11  "  Ratio  of  expected 
found  for  TNT  ( 


651 


RATI  0 


Wachtell  &  McKnight 


PRESSURE  •  PSI  (THOUSANDS) 

Fig.  13  -  Ratio  of  expected  area  to  actual  area  for 
experimental  propellant 
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1.  Linear  Burning  Rate 


APmiDIX  A 


A.  Theory 

The  linear  burning  rate  is  the  rate  at  which  the  burning 
s\irface  of  a  propellant  recedes  in  a  direction  normal  to  the  flame 
front. 

If  dx  be  the  distance  burning  proceeds  during  anytime  interval 
dt,  then  dx/dt  is  the  linear  burning  rate. 

By  assuming  that  all  surfaces  of  the  burning  propellant  bum  at 
the  same  rate  and  by  using  a  known  geometry  the  linear  burning  rate 
can  be  deduced  from  the  mass  rate  of  burning.  By  the  assumption  of 
a  suitable  equation  of  state  the  mass  rate  of  burning  can  be  deduced 
from  the  rate  of  change  in  pressure  surrounding  the  burning  propel¬ 
lant  in  a  closed  vessel. 

For  particles  of  known  shape,  such  as  perforated  or  solid 
cylinders" the  closed  bomb  fitted  xd.th  a  rapid  response  pressure  gage 
is  suitable  experimental  apparatus  for  determining  the  linear  rate 
of  burning  of  propellants  or  explosives  at  any  pressure. 


The  apparatus  produces  an  oscillographic  trace  of  piezo-origin- 
ated  voltages  as  measures  of  the  rate  of  change  of  pressure,  dp/dt 
and  pressure,  P.  Sample  traces  are  shown  in  Figtire  7.  The  rate  of 
change  of  pressure  is  calculated  from  the  ordinate  voltage  and 
the  pressure  from  the  abscissa,  Vy,  after  appropriate  calibration 
and  determination  of  gage  constants. 


The  maximum  pressure  (at  the  end  of  burning)  can  be  used  to 
measure  the  combined  temperature  and  gas  molecular  weight  function, 
thus  completing  an  expression  for  the  equation  of  state  in  terms  of 
Z,  the  weight  fraction  burned,  and  p^  the  pressure  due  to  prepress- 
tirizing  and  igniter,  if  any,  where  Kg,  Cx  and  Ki  are  equipment  con¬ 
stants  : 


^max  “  ^g  ^x  ^xmax  ^1 

p  =  +  Z  (1  -  ^  )  Do)  (Pmax  -  Pi)  (^) 

1  -  (b  +  mi  a^  +  (a-b)  Z)  Do 

% 
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To  simplify  calc\£Lations  the  term  (m-i/mo)  is  considered 
negligible  because  of  the  relativolj/-  small  quantity  involved  in  inj_5 
the  mass  of  igniter  and  prepressurizing  materials. 

The  geometry  for  solid  cylinders  of  propellant  or  explosives 
burning  on  all  surfaces  is  stated  in  terms  of  fraction  burned,  Z, 
and  dimension  remaining,  (d-2x)  and  (h-2x),  at  anytime; 

Z  =  1  -  (d  -  2x)  ^  (h  -  2x)  (5) 

d2  h 


The  derivative,  dp/dZ,  may  be  found  from  equation  (4)  and  the 
derivative  dZ/dx  from  equation  (5); 


dp/dZ  =  f ^  (Z) 
dZ/dx  =  f2  (x) 


(6) 

(7) 


The  linear  burning  rate  can  be  calculated  from  eqxxations  (2) , 
(6)  and  (7); 

/  dp/dt 

dx/dt  =  (dp/dZ)  (.dZ/dx) 


(8) 


B,  Calculation  Method 


The  eqmtions  (4)  through  (8)  have,  in  principle,  been 
rearranged  by  Wallace  to  a  form  suitable  for  direct  solution. 

The  solution  was  made  in  terms  of  the  surface  area  (S^j.)  at  any  value 
of  X,  With  slight  modifications,  the  equations  of  Wallace  were  used 
to  convert  the  closed  bomb  data  to  linear  b\xming  rates. 


The  equations  used  for  this  solution  for  a  solid  cylinder  are 
listed  belowo  These  equations  x^ere  programmed  for  solution  in  an 
IBM  650  computer. 

K6  =  (d-h)2  /  1.5  hd^ 

(9) 

K5  =  27  hd^  /  2  (d-h)3 

(10) 

B  =  (^max-Pi^  (1-aD)  /  (a-b)D 

(11) 

C  =  (l-bD)  /  (a-b)D 

(12) 

7.  =  (P-Pi) 

(13) 

(Pj^x  -Pi)  (1-aD)  +  (P-Pi)  (a-b)D 

E  =  1  +  K5  (1-Z) 

(14) 
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If  E  1 

(f)  =  cos  ”^E  (15) 

S^/Vq  =  [l-2  cos  (60°  +  2/3  0)3  K6  (l6) 

If  E>  1  (17) 

S>o  ■"'/[S 

Ir 

dx/dt  = _ dp/dt  (18) 

B  (1  +  P  )2  ^ 

C  B 

In  these  eqmtions  certain  special  cases  had  to  be  recognized  to 
allcu-r  for  discontinuities  introduced  by  algebraic  and  trigonometric 
solutions.  VJhen  diameter  exactly  equals  length,  a  discontinuity 
arises  in  Eq  (9)  for  K6.  An  increment  of  0,01  inch  is  therefore  added 
to  one  dimension  for  this  special  case.  If  the  quantity  E  is  less 
than  unity  a  cosine  procedure  is  used  (Eq  15);  if  equal  to  or  greater 
than  unity  a  cube-root  procedure  is  used  (Eq  I?).  Either  procedure 
leads  to  S^^/Vq  which  is  then  used  in  the  final  equation  (Eq  18)  with 
the  experimentally  observed  dp/dt  to  calculate  the  linear  burning 
rate  dx/dt. 

II.  Equivalent  Surface  Areas. 

A.  Theory 

When  linear  bxonning  rates  are  found  from  closed  bomb  data 
from  single  cylinders  of  propellant  or  explosive  -using  the  solid 
cylinder  geometry  as  described  above  the  results  compare  well  with 
strand  burner  results  below  a  certain  characteristic  pressture.  At 
other  pressures  the  burning  rate  so  calculated  must  be  regarded  as 
an  "apparent”  b-urning  rate  beca-use  it  deviates  a  great  deal  from 
strand  burner  results. 

This  suggests  that  the  general  configuration  may  be  cylindrical, 
but  the  surface  may  be  full  of  cracks  or  breaking  into  small  pieces, 
with  the  strand  burning  rate  governing  the  reaction  for  each  burning 
particle.  Combining  experimentally  determined  rate  of  pressure  rise, 
dp/dt,  and  press-ure,  P,  with  strand  burning  rates,  dx/dt,  permits 
solving  for  a  surface  area,  S^,  will  reflect  the  abnormally  high  mass 
rate  of  burning. 

Th\as  P,  dp/dt,  and  Pj^^  found  as  before  (Eq  1,2,3).  TJae 
equation  of  state  shotting  total  pressure  as  function  of  fraction 
burned  is  also  applicable  (Eq  4) .  Likewise  the  fraction  burned  is 
related  to  the  burning  cylinder  dimensions  by  (Eq  5)  for  a  smooth 
cylinder.  In  (Eq  S,  and  18),  however,  the  predicted  linear  burning 


(E?  -1)^/^J  +|e-(e^-i)^/^ 
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rate  dx/dt  =  aP*^  would  be  used.  Then  from  (Sq  18)  the  equivalent 
area  3,^  is  found  representing  surface  area  of  cracks  and  convolutions 
on  the  surface  of  a  rough  cylinder.  The  eq\ri.valent  areas  are  found 
to  proceed  through  a  maximun  before  reaching  zero  during  burning. 
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SENSITIVENESS  TESTING  AND  ITS  RELATION  TO  THE 
PROPERTIES  OF  EXPLOSIVES 


E.G.  Whitbread 

Explosives  Research  aad  Developnieat  Establishment* 
Waltham  Abbey,  Essex,  England. 


Scope 

It  is  proposed  to  review  the  subjects  of  section  one  as 
seen  from  E.R.D.E.  This  is  necessarily  a  biased  view  with  a 
considerable  emphasis  on  this  establishments  work,  but  it  is  thought 
that  this  description  of  our  problems  will  be  useful  to  the  meeting 
aa  a  whole. 

1,  The  Selection  and  Standardisation  of  Tests 

1,i  Safety  Certificate  Testing.  The  need  for  sensitivity 
testing  in  research  has  long  been  recognized.  A  great  deal  of 
effort  is  currently  expended,  in  those  establishments  concerned,  on 
the  development  of  empirical  tests  and  rather  less  on  basic  research 
leading  to  an  understanding  of  sensitivity  phenomena. 

There  are  two  major  objectives  in  sensitivity  testing,  (1) 
to  obtain  a  measure  of  the  hazard  associated  with  the  manufacture, 
use  and  storage  of  explosive  materials,  and  (2)  to  determine  the 
reliability  in  operation  of  explosive  devices.  To  some  extent 
these  require  a  different  philosophical  approach  although  the  tests 
used  may  be  similar  or  even  identical.  In  one  case  the  desired 
state  is  a  very  low  probability  of  initiation,  whereas  in  the  other 
the  optimum  is  a  very  high  probability  of  detonation  which  must 
itself  be  as  efficient  as  possible. 

For  either  objective  the  work  falls  into  two  natural 
classes:  the  development  of  efficient  tests,  and  a  study  of  the 
mechanism  of  the  physical  and  chemical  processes  by  which  the 
material  is  brought  to  explosion. 

The  choice  of  tests  by  a  given  establishment  is  often 
arbitrary  and  dictated  by  availability  of  facilities  or  similar 
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factorso  The  commonest 9  in  order  of  popularity 9  are?- 

1  Impact  machine o 

2  Some  form  of  thermal  (temperature  of  explosion)  test© 

3  Some  form  of  friction  test© 

k  Gap  testo 

5  Projectile  attack  test© 

It  is  a  chastening  thought  that  of  all  the  tests  and  test  facilities 
the  impact  test  is  the  only  one  which  is  universally  used® 

There  is  a  considerable  advantage  in  the  collective  use  of 
the  results  of  several  tests  to  describe  an  explosive©  In  the 
United  Kingdom  this  principle  is  used  in  a  document  known  as  the 
^Safety  Certificate**  9  and  this  has  been  the  basis  of  a  certain  amount 
of  standardisatioEo 

The  '’Safety  Certificate"  is  issued  by  the  authority  of  the 
Director  of  Safety  Services  and  is  available  to  the  technical  staff 
of  any  establishment  (e^go  a  filling  factory)  having  to  handle  the 
explosive  certified©  It  contains  a  great  deal  of  information  on 
the  hazards  (not  necessarily  explosive)  associated  with  the  use  and 
storage  of  the  explosive  to  which  it  refers©  Six  tests  of  sensi^ 
tivity  are  includedj  viz©  impact 9  friction^  temperature  of  ignition^ 
ease  of  inflammation^  behaviour  on  inflammation  and  sensitivity  to 
electrostatic  discharge©  Of  these  tests  only  the  friction  and 
impact  are  commonly  carried  out  in  more  than  one  laboratory  and  a© 
a  result  the  effort  on  standardisation  has  been  confined  t©  these 
two  testa o 

The  friction  test  specified  for  safety  certificate  purposes 
is  crude  but  surprisingly  effective©  To  test  for  friction  sensi¬ 
tivity  between  two  materials  the  explosive  is  spread  on  an  anvil 
made  of  one  material  and  struck  a  glancing  blow  with  a  mallet  made 
from  the  other 9  the  operation  being  entirely  manual  and  its 
efficiency  and  reproducibility  entirely  dependent  on  the  skill  of 
the  operator©  The  results  are  reported  as  the  number  of  ignitions 
in  10  triads© 

Several  unsuccessful  attempts  have  been  made  to  mechanize 
this  test  or  to  substitute  some  other  less  subjective  test  but  t© 
the  present  time  the  improvement  and  standardization  has  been 
limited  to  the  tools  (i©eo  anvils  and  mallets)  which  are  drawn  by 
all  laboratories  from  a  common  source© 

The  original  impact  machine  technique  was  worked  out  bj 
Dr©  Godfrey  Rotter  in  about  the  year  1^8©  In  the  construction  of 
his  machine  he  employed 9  as  indeed  many  laboratories  must  do  to-day 9 
materials  readily  to  hand,  in  his  case  those  stores  to  be  found  in 
the  Royal  Arsenal  at  Woolwich©  For  example  the  base  of  the  machine 
consists  of  two  15  inch  proof  shots,  and  the  explosive  is  loaded 
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into  smaXl  brass  caps  which  were  the  primer  caps  for  the  12  pounder 
gun  of  that  day.  As  picric  acid  was  then  the  major  high  explosive 
he  decided  to  employ  it  as  a  standard  against  which  all  other 
materials  would  be  measured.  He  was  greatly  concerned  with  the 
probability  that  some  materials  would  only  partially  explode  and 
devised  a  somewhat  complicated  procedure  for  the  computation  of  the 
result  which  depended  on  the  integration  of  the  various  volumes  of 
gas  evolved  from  caps  of  explosive  struck  at  different  heights. 

Because  the  numerical  result  produced  by  the  machine  is  larger  for 
less  sensitive  materials,  the  result,  expressed  as  a  percentage  of 
the  result  for  picric  acid,  was  termed  the  "figure  of  insensitiveness" 
(or  F,I.)» 


This  procedure  lasted  almost  Tmchanged  \mtil  about  1950  - 
52,  At  about  this  time  at  E.R.D.E.,  Waltham  Abbey  we  satisfied 
ourselves  on  two  points:  1,  For  high  explosives  the  volume  of  gas 
evolved  yields  no  more  information  than  that  the  shot  has  "fired"  or 
"failed".  2.  Picric  acid  is  a  very  bad  material  to  use  as  a 
steindardo 


It  is  not  however  in  our  tradition  to  make  changes  li^tly, 
and  in  the  minds  of  those  who  have  to  handle  explosives  there  is  a 
firm  pattern  of  "figures  of  insensitiveness"  built  up  over  the  last 
half  century.  We  therefore  retained  the  use  of  picric  acid  as  a 
primary  standard  but  have  substituted  RDX  for  daily  use;  we  have 
adopted  the  "Bruceton  staircase"  determination  of  median  heights  but 
express  the  result  as  the  ratio  of  the  median  height  of  the  substance 
under  test  to  the  median  height  of  the  reference  standar*,  BDX,  and 
multiply  this  ratio  by  one  hundred  times  the  ratio  of  the  median 
height  of  this  EDX  to  the  median  height  for  picric  acid,  thus 
obtaining  a  result  numerically  similar  to  (but  more  precise  than)  the 
F.I. 


It  is  interesting  to  note  that  A.W.E.E,,  working  quite 
independently  of  E.5.D.E,,  arrived  at  the  same  final  method,  and 
with  its  adoption  by  A.R.D.E,  and  the  Chemical  Inspectorate  there  is 
now  a  broad  measure  of  agreement  among  the  Government  Establishments 
on  the  actual  method  of  measurement. 

There  are  eight  machines  in  use  at  various  establishments 
in  the  U.K.  and  a  number  of  trials  have  been  made  to  compare  the 
data  obtained  by  each.  Table  1  shows  the  kind  of  scatter  obtained. 

It  has  become  clear  that  before  any  usefxxl  standardisation 
was  possible  the  following  requirements  must  be  met:- 

1 .  The  machines  must  be  identical  in  construction. 

2.  The  expendable  machine  parts  (i.e.  the  "tools";  in  the 
Rotter  machine  the  anvils  and  caps)  must  be  drawn  from  a  uniform 
stock  common  to  aill  machines. 


661 


Whitbread 


3,  The  operating  procedure  must  be  identical  in  all  cases. 
For  example,  all  are  agreed  that  a  modified  Bruceton  procedtjr®  is  a 
good  basis  for  the  determination  of  the  median  height,  but  agreement 
has  not  yet  been  reached  on  the  spacing  of  the  intervals. 

4,  The  method  of  reporting  the  results  must  be  identical. 

5,  A  reference  standard  explosive  must  be  used,  and  this 
must  be  drawn  from  a  stock  common  to  all  users. 


Table  1 


Median  height  calculated  relative  to  agreed  standard 

Explosive 

A®R© 

D.E. 

AeWoRoEo 

Machine 

1 

Machine 

2 

Machine 

1 

Machine 

2 

D  oO  0  X  a 

Picric  Acid 

129 

157 

132 

91 

106 

RDX/TNT 
Holst on 

105 

117 

104 

m 

88 

RDX/TNT 

Bridgwater 

103 

118 

106 

H 

93 

69  &  49 

51 

51 

mm 

TNT 

158 

202 

211 

Wit 

122 

The  value  of  this  standardisation  is  a  fit  subject  for 
discussion  in  its  own  right.  In  this  case  (i.e.  in  the  U.K.)  it  is 
necessary  that  certain  explosives  are  tested  batch  by  batch  and  that 
the  data  are  accepted  by  several  authorities;  to  have  value  the 
test  must  be  as  discriminating  as  possible.  If  the  need  is  assumed, 
careful  standardisation  is  essential;  but  it  is  quite  expensive  for 
a  test  as  simple  as  the  impact  test  and  could  be  prohibitively  so  if 
applied  to  all  testing. 

In  the  more  general  case  it  is  necessary  only  that  the 
sensitivity  of  a  new  explosive  is  assigned  to  a  certain  class  and  as 
pointed  out  by  G.F.  Strollo  (1)  there  is  much  virtue  in  testing  any 
new  explosive  by  a  variety  of  tests  even  if  these  are  nominally  of 
the  same  type. 

1,ii  Other  Standard  Test  Methods.  In  the  U.K.  we  have  not  had 
the  widespread  and  diverse  interest  in  liquid  monopropellants  that 
has  occurred  in  the  U.S.A.  and  there  is  no  equivalent  to  the 
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American  ’’Committee  for  Standardisation  of  Monopropellant  Test 
Methods".  Extensive  work  on  liquid  monopropellant  sensitiveness 
has  been  confined  almost  entirely  to  Waltham  Abbey  and  the  question 
of  standardisation  has  not  arisen. 

Three  points  of  contact  with  American  work  may  be  noted: 

(a)  At  E.R.D.E.  a  locally  modified  version  of  the  Olin 
Matherson  impact  tester  for  liquids  is  used.  This  appears  entirely 
satisfactory  provided  that  it  is  recognised  that  only  the  risk  of 
initiation  from  adiabatic  compression  of  occluded  air  is  measured. 

(b)  The  "gap"  test  used  at  E.R.D.E.  for  liquid  propellants 
is  related  to  the  one  which  is  (or  was)  the  American  standard;  but 
h8LS  a  fundamental  difference  in  that  in  the  American  pattern  only 
high  order  detonations  are  recognised  as  "fires"  whereas  in  the 
British  test  a  much  lower  order  explosion  is  counted  as  a  positive 
result . 


(c)  Interest  in  liquid  oxygen  in  contact  with  other 
materials  is  centred  mainly  at  Rolls  Royce  Ltd.  who  intend  to  use  an 
exact  copy  of  the  Douglas  Aircraft  Company  impact  machine.  (2)  (3) 

1.iii  Future  Extension  of  Standardisation.  Unless  some  central 
authority  has  the  power  to  specify  exactly  a  method  and  to  enforce 
its  adoption,  standardisation  on  the  lines  followed  by  the  work  on 
the  Rotter  machine  is  extremely  expensive  because  of  the  lengthy 
discussions  and  experimental  work  made  necessary  by  small  differences 
in  technique  in  the  different  laboratories. 

There  is  however  one  feature  of  the  Rotter  procedure  that 
is  to  be  commended  to  all  laboratories,  and  that  is  the  use  of  a 
reference  material.  Frequently  data  are  reported  solely  (for 
example,  considering  the  impact  machine)  as  drop  heights  and  vinless 
the  reader  has  an  intimate  knowledge  of  the  machine  used  he  is 
unable  to  form  any  resil  estimate  of  the  sensitivity  of  the  material. 
This  principle  can  be  extended,  within  reason,  to  other  tests  and 
would  form  a  satisfactory  substitute  for  full  standardisation. 
Basically  the  idea  is  that  with  any  sensitivity  test  the  data  are 
reported  either  relative  to  some  well  known  standard  explosive;  or 
alternatively,  a  figwe  for  this  material  is  reported  with  the  new 
data. 


For  laboratories  that  needed  a  closer  degree  of  standard¬ 
isation,  samples  of  materials  could  be  exchanged,  although  the 
physical  barrier  of  the  Atlantic  will  impose  aui  obvious  limitation. 

This  scheme  is  not  new,  data  for  several  monopropellants 
have  been  suggested  as  standairds  for  the  N.O.L.  gap  test  and 
Technoproducts  (4)  give  jn-propylnitrate  as  a  standard  for  their 
liquid  impact  tester. 


663 


Whitbread 


2»  Effects  of  Scale  and  Ad  Hoc  Trials^  It  is  a  fundaunental 
limitation  of  all  laboratory  tests  of  sensitiveness  that  they  will 
grade  explosives  only  in  an  order  defined  by  the  testj  they  will  not 
give  any  measure  of  the  absolute  probability  of  an  explosion  in  a 
particular  set  of  circumstances  other  than  those  obtaining  in  the 
actual  test® 

It  frequently  happens  that  a  question  is  posed  in  the 
following  form;  "It  is  intended  to  process  a  large  bulk  of 
propellant  material  (say  5000  lbs)  in  one  batch®  As  the  design  of 
the  buildings  to  house  the  plant  and  the  layout  of  the  explosives 
area  is  affected  by  the  possible  consequences  of  an  explosion,  will 
the  effects  following  an  ignition  resemble  those  of  a  detonation  or 
those  of  a  fire?"  This  is  on©  of  the  most  important  types  of  ad 
hoc  experiment  and  its  design  posss  a  number  of  difficult  questions® 

If  replicas  are  constructed  of  the  piece  of  plant  in 
question,  for  the  conclusions  to  be  drawn  with  reasonable  confidence, 
either  a  large  number  of  shots  must  be  fired  or  the  stringency  of 
the  conditions  increased  over  those  found  in  the  original. 

As  full  scale  replica  firing  is  extremely  expensive,  us®  is 
made  of  reduced  scale  charges.  This  also  calls  for  an  increased 
stringency  to  compensate  for  the  smaller  scale.  In  both  full  and 
reduced  scale  experiments  we  need  to  know  the  effect  of  stringency, 
in  whatever  way  this  is  applied,  (e.g.  confinement)  on  the 
probability  of  an  explosion.  Finally,  as  the  result  is  usually  an 
explosion  intermediate  between  a  detonation  euid  a  fire,  some  method 
must  be  devised  to  measure  the  destructive  potential. 

As  yet  no  comprehensive  solution  is  available.  The  method 
adopted  by  E.R.D.E.  in  a  recent  series  of  trials  (l6)  on  a  new 
propellant  was  to  lay  on  a  fev/  trisLLs  in  full  scale  replica  con” 
tainers,  supported  by  a  larger  number  in  1/10  scale,  much  stronger 
containers.  In  all  shots  the  blast  output  was  measured  by  canti” 
lever  blastmeters.  When  the  trial  was  fired,  the  blast  from  the 
1/10  scale  containers,  because  of  their  greater  strength,  exceeded 
that  from  the  full  scale  replicas,  but  in  all  cases  the  blast  output 
was  acceptably  low.  In  these  circumstances  the  smaller  shots  were 
held  to  provide  evidence  supporting  the  larger. 

It  is  thought  that  this  solution  is  unsatisfactory  in  that 
a  definite  result  cannot  be  predicted,  e.g.  the  small  containers 
might  be  made  too  strong  and  give  an  unacceptable  amount  of  blast 
even  when  the  full  scale  ones  did  not;  and  it  is  suggested  that 
systematic  work  on  the  effect  of  scale  is  necessary  before  a  satis<= 
factory  solution  can  be  fo\md. 

3,  fielation  of  Experimental  Results  and  Explosive  Properties. 

The  field  of  work  in  sensitivity  is  very  wide  and  any  one  laboratory 
can  hope  to  investigate  only  some  of  the  questions. 
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In  the  last  ten  years  at  E.R.D.E.  we  have  studied  some 
aspects  of  the  influence  on  sensitiveness  of  kinetics,  crystal  habit, 
crystal  imperfections  and  the  acoustic  properties  of  explosives. 

3,i  Kinetics.  The  early  work  was  concerned  with  liquid 
propellants,  a  large  part  of  this  was  reported  at  the  second 
detonation  conference  (5)  (6)  (7)  (8).  Liquids  were  chosen  because 
of  their  importance  at  the  time  (1950  -  55)  and  because  they  offered 
freedom  from  the  effects  of  grain,  structure  and  density  variations. 
The  most  important  reason  for  working  with  these  materials  however 
was  that  they  permitted  a  new  approach  to  the  application  of  chemical 
kinetics  to  sensitiveness,  viz.  by  the  use  of  the  rate  of  burning  at 
standard  pressures  instead  of  the  rate  of  decomposition. 

The  overall  conclusion  from  this  work  was  that,  in  a  liquid 
monopropellant  the  probability  of  an  explosion  was  a  fimction  of  the 
rate  of  growth  of  the  explosive  reaction  after  initiation,  and  that 
this  could  be  estimated  from  the  rate  of  burning  and  energy  of 
explosion  of  the  explosive  concerned.  probable  that  this 

correlation  owes  its  existence  to  the  elimination  of  all  other 
factors:  the  acoustic  properties  of  the  liquids  were  similar, 
crystal  form  and  structure  and  voids  were  absent. 

No  attempt  has  been  made  at  E.R.D.E.  to  find  correlations 
between  oxygen  balance  or  the  kinetics  of  decomposition  and  sensi¬ 
tivity.  The  most  significant  recent  work  is  that  of  Kamlet  (9) 

(10)  and  Wenograd  (11).  Both  workers  used  the  ERL  machine  with  the 
use  of  added  grit  in  the  form  of  sandpaper.  Under  these  conditions 
an  adequate  supply  of  initiation  centres  are  always  available  and 
the  effects  of  crystal  structxire  or  hardness  are  submerged;  the 
correlation  of  sensitivity  measured  under  these  conditions  with  the 
kinetics  of  decomposition  is  reasonable.  It  would  be  interesting 
to  study  the  effects  of  decomposition  kinetics  or  oxygen  balance 
with  a  "pure"  impact  machine,  (i.e.  one  which  initiates  by  impact 
alone) ,  certainly  neither  the  Rotter  nor  the  E.R.L.  fill  this 
requirement  but  an  exciting  new  device  devised  by  Cachia  and  reported 
at  this  conference  may  well  provide  the  necessary  data. 

5.ii  Crystal  Structure.  An  obviously  fruitful  line  of  attack 
into  the  problem  of  the  mechanism  of  initiation  is  to  study  those 
materials  which  show  amomalous  behaviour  rather  than  those  which 
fit  neatly  into  patterns.  One  example  in  the  impact  test  is  the 
(differing  sensitivity  of  the  various  polymorphs  of  HMX.  This  was 
investigated  by  Jeffers  at  E.R.D.E.  (12).  He  found  that  the 
greatest  sensitivity  arose  from  what  might  be  termed  '^mixed  poly~ 
morphs”,  that  is,  where  crystals  were  in  process  of  transformation; 
and  that  to  some  forms  of  the  impact  test  e.g.  the  so  called 
adiabatic  compression  test,  all  forms  had  a  similar  sensitiveness. 

It  is  possible  that  in  this  case  the  "mixed  polymorph"  is 
harder  than  the  normal  crystal,  the  apparently  greater  sensitivity 
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could  then  be  explained  by  the  greater  efficiency  of  the  impact 
machine  considered  as  a  whole,  ioCo  including  the  explosives  In 
effect  this  means  that  with  the  harder  crystal  more  energy  has  been 
extracted  by  the  explosive  from  the  falling  weight  than  with  the 
normal  kinds 

It  might  be  thought  that  impact  and  gap  tests  would  show  a 
correlations  Some  data  have  been  determined  at  EsRsD«Es  with  the 
Olin  Matheson  machine  on  liquid  propellants  which  tend  to  support 
thiss  The  data  are  too  scanty  for  firm  conclusions  but  the  gap 
test  used  is  known  to  correlate  with  combustion  processes  (5)  and  in 
the  Olin  Matheson  machine  the  propellant  is  burned  rather  than 
detonated. 

With  the  gap  tests  used  on  liquid  propellants  the  criterion 
of  a  "fire"  was  carefully  chosen  to  be  below  a  full  detonation  as 
the  object  of  the  test  was  the  estimation  of  hazard.  With  high 
explosives  the  gap  test  is  usually  employed  to  measure  the  efficiency 
of  an  explosive  train  and  a  detonation  is  taken  as  a  criterion  of  a 
"fire".  With  high  explosives  in  the  impact  machine  the  criterion 
is  not  so  well  defined,  it  is  often  violent  and  called  a  detonation 
but  in  fact  may  be  only  a  rapid  burning.  This  difference  must  be 
borne  in  mind  when  comparing  data  arising  from  impact  and  gap  tests. 

We  have  made  an  interesting  study  of  the  effect  of  crystal 
perfection  on  sensitivity  as  measured  by  gap  and  impact  tests.  The 
material  chosen  was  EDX,  It  had  been  found  that  the  sensitivity  of 
an  RDX/TNT  mixture,  to  the  gap  test,  was  controlled  by  the  RDX. 

Two  RDX/TNT  mixtures  of  similar  nominal  composition  but  with  widely 
differing  sensitivity  to  the  gap  test  were  taken,  the  TNT  and  wax 
extracted  with  benzene  from  each  sample  and  reincorporated  with  the 
RDX  from  the  other  sample. 


Table  2 


I  Material 

Gap  test 

Holston  composition  B 

0,083 

Bridgwater  RDX/TNT  grade  A 

0,027 

116 

TNT  and  wax  from  Holston  Comp,  B,  RDX  from 
Bridgwater  RDX/TNT  grade  A 

0,027 

119 

TNT  and  wax  from  Bridgwater  grade  A 

RDX  from  Holston  Compo  B 

0,086 

117 
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Table  2  shows  that  there  is  no  correlation  between  the  impact  and  the 
gap  test  data  for  these  samples,  and  that  the  gap  test  result  is 
influenced  sharply  by  the  RDX. 

Next  an  attempt  was  made  to  sensitise  the  Bridgwater 
material  to  the  Holston  level.  Impact  results  are  easily  influenced 
by  the  addition  of  grit  which  provides  initiation  centres,  but  the 
addition  of  either  grit  or  cork  dust  to  the  RDX/TNT  failed  to  affect 
the  gap  test  sensitivity.  The  most  interesting  addition  was  that 
of  sensitive  HMX.  The  sensitivity  of  HMX  to  the  impact  test  varies 
considerably  as  has  been  discussed.  If  ^  HMX  is  heated  to  190OC 
for  two  hovirs  a  mixture  of  o  ^  and  8  is  formed  and  this  material  has 
an  impact  sensitivity  comparable  to  lead  azide.  This  material  was 
made  into  a  to/40  octol  with  TNT  suid  then  the  TNT  was  extracted  with 
solvent  and  the  HMX  was  foxmd  to  have  retained  nearly  all  its  high 
impact  sensitivity,  yet  the  addition  of  1^  of  this  material  to 
Bridgwater  RDX/TNT  raised  the  critical  gap  to  only  0.031"  and  3*75?^ 
raised  it  to  no  more  than  0.038"  (compare  data  in  Table  2).  It 
might  be  expected  that  material  of  this  character  would,  in  the  gap 
test,  act  as  nuclei  and  greatly  increase  the  sensitivity  of  the 
charge  as  a  whole,  in  fact  this  is  not  so. 

A  ceireful  microscopic  examination  of  the  various  samples  of 
RDX  available  showed  that  the  more  sensitive  the  RDX/TNT  made  there¬ 
from,  the  greater  the  number  of  microscopic  inclusions  in  the  RDX 
crystal.  The  particular  sample  of  Holston  RDX/THT  was  particularly 
rich  in  these  inclusions,  presumably  introduced  during  formation  of 
the  crystal  from  the  reaction  mixture  and  preserved  by  recrystallis¬ 
ation  by  pairtial  solution.  A  simple  method  was  then  devised  for  the 
addition  of  small  inclusions  to  RDX.  (13)  The  procedure  is  simply 
to  heat  the  RDX  until  a  limited  amount  of  decomposition  occurred. 

The  products  were  then  trapped  in  the  crystal  at  numerous  points 
throu^out  the  crystal  lattice. 


Table  3 


Temperature  and 
Time  of  Heating 
Hours  °C 

Impact  sensitivity 
of  RDX 

(picric  acid  =  100) 

Density 
of  RDX 
g/ml 

Gap  test 
60/40  RDX/TNT 

0 

130 

74 

0.027 

24 

130 

74 

Wmm 

0.042 

72 

130 

72 

0.045 

167 

130 

75 

mm 

0.047 

42 

160 

77 

■1 

0.093 
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The  increase  in  the  nmnber  of  these  inclusions  may  be  yaried 
easily  in  a  controlled  mannero  Reference  to  Table  5  shows  that  the 
effect  on  the  gap  test  of  RDX/TNT  made  from  the  RDX  is  not  paralleled 
by  any  effect  on  the  impact  sensitivity  of  the  RDX  itself® 

This  behaviour  raises  a  number  of  interesting  possibilities 
but  for  the  purposes  of  this  paper  it  will  suffice  to  note  that  it  is 
possible  to  vary  the  sensitivity  of  RDX/TNT  to  the  gap  test  by  modi¬ 
fications  to  the  RDX  crystal  which  do  not  affect  its  impact  sensi¬ 
tivity® 


It  then  seemed  pertinent  to  examine  the  behaviour  of  RDX 
alone 5  and  in  particular  the  behaviour  of  single  crystals  of  RDX® 

Dr®  James  Holden  of  NoOoL®  worked  on  this  interesting  study  whilst 
at  EoRoDoEo  (14)®  The  crystals  ranged  from  20  -  ^5  g  i^i  weight  and 
were  relatively  free  from  internal  flaws®  The  results  may  be 
summarized  as  follows 

(1)  The  sensitivity  to  shock  of  these  single  crystals  is 
about  equal  to  60/40  RDX/TNT  (ioe®  is  less  than  might  be  thought  for 
pure  RDX)® 

(2)  In  the  majority  of  cases  the  crystals  did  not  detonate 
until  the  shock  had  passed  through  the  crystal  completely  and  they 
then  detonated  ^’backwards’*® 

(3)  The  sensitivity  was  affected  by  the  nature  of  the 
material  in  contact  with  the  crystal ^  ioe®  different  results  were 
obtained  if  the  crystal  was  in  contact  with  a  block  of  steely 
alijiminium  or  TNT^  and  the  data  could  not  be  explained  by  the 
different  acoustic  impedences® 

3,iii  Physical  Properties®  The  experimental  problem  in 
initiation  by  shock  waves  is  to  do  so  with  a  shock  of  accurately 
known  intensity  and  duration®  The  method  used  at  EoRoDoE®  is  to 
employ  a  discarding  sabot  gim  to  fire  cylindrical  projectiles  at 
the  explosives®  The  projectile  velocity  corresponding  to  a  50^ 
probability  of  detonation  is  measured® 

The  pressure  of  the  shock  wave  is  determined  by  the  velocity 
of  the  projectile  and  the  shock  properties  of  the  explosive  and  pro¬ 
jectile®  The  duration  is  determined  by  the  projectile  length®  By 
using  projectiles  of  different  shock  properties  and  of  different 
lengths  it  is  possible  to  compute  the  duration  and  pressure  in  the 
pulse  vAich  will  just  produce  detonation® 

Some  interesting  results  arise  from  this  study®  (15)°  It 
was  found  that  for  the  longest  pulses  the  critical  shock  pressure 
vjas  independant  of  duration®  However  for  each  explosive  there  was 
a  minim™  duration  below  which  the  critical  pressure  was  strongly 
dependant  on  duration®  For  RDX/PWX  83/1?  a  critical  duration  of 
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0,6/i  seconds  was  found,  and  for  pulses  longer  than  this^a  critical 
pressure  of  0*05  megabars. 

The  interesting  aspect  is  this:  if  we  apply  to  this 
explosive  a  pressure  of  0.05  megabars  for  a  duration  of  exactly 
0.6/i  seconds  there  will  be  a  50%  probability  of  detonation,  but  at 
the  time  when  the  pressure  at  the  entry  face  falls,  because  the  end 
of  the  pulse  has  now  reached  the  entry  face,  the  shock  front  will 
have  penetrated  for  no  more  than  2  to  3  mm  into  the  explosive.  It 
is  a  commonly  observed  phenomenon  that  with  shock  waves  of  border- 
UnA  intensity  the  transition  to  detonation  does  not  occur  at  the 
entry  face  but  at  some  distance  into  the  explosive.  It  is 
reasonable  to  assume  that  this  happens  in  this  case.  We  therefore 
have  the  circumstance  that  at  the  end  of  0.6m  sec.  (in  this 
particular  case)  the  shock  has  started  a  sequence  which  will  lead 
inevitably  to  a  detonation  but  has  not  yet  in  fact  done  so. 

4.  Conclusion.  It  would  be  inappropriate  to  draw  purely 
technical  conclusions  in  a  review  made  in  a  biased  fashion  and  with¬ 
out  reference  to  the  papers  to  be  presented  with  it.  It  appears, 
however,  at  the  present  time  that  the  interest  in  sensitivity  is 
much  healthier  than  at  the  time  of  the  last  detonation  conference 
with  mainy  more  laboratories  taking  a  keen  interest  in  these  important 
problems  and  we  can  look  forward  to  the  future  with  confidence. 
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SENSITIVITY  RELATIONSHIPS 


M.  J.  Kamlet 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


ABSTRACT:  Since  individiaal  impact  results  are  not 
closely  reproducible  and  since  such  effects  are  often 
small,  it  has  hitherto  been  Impossible  to  determine  the 
effect  on  sensitivity  of  incorporating  a  specific  chemical 
linkage  within  the  structure  of  a  molecule.  It  has  now 
been  found  for  large  classes  of  structurally  related 
compounds  that  impact  errors  tend  to  cancel  out  and  that 
a  plot  of  logarithmic  Impact  sensitivity  as  a  function  of 
OB/lOO  shows  points  distributing  about  a  straight  line, 
called  the  "true  trend"  for  the  class  of  compounds  in 
question.  OB/lOO  is  defined  as  the  number  of  equivalents 
of  oxidant  per  100  g  of  explosive  above  the  amount 
necessary  to  burn  all  C  to  CO  and  all  H  to  H2O. 

For  compoxmds  containing  a  nitro  group  bound  to 
nitrogen  (nltramlnes,  nitraraldes)  the  true  trend"  is 
described  by 


log  h5o^  +  0.02  «  1.58  -  (0.18)  (OB/lOO). 

For  other  polynitroaliphatic  compounds  the  pertinent 
equation  is 


log  h5o^  +0.02  =  1.76  -  (0,22)  (OB/lOO). 

Separate  trends  are  also  shown  for  polynltroaromatic 
compounds  whose  sensitivity  varies  to  a  great  degree 
depending  on  whether  there  are  hydrogen  atoms  on  a  carbon 
alpha  to  the  ring  and  for  the  surprising  impact  behavior 
of  polsmltrostilbenes . 
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The  Impact  sensitivity  of  an  explosive  varies  to  an 
extent  depending  on  the  operator,  the  preparation  and 
condition  of  the  impact  sample  and  multifold  other,  as  yet 
xuidetermlned,  causes®  Thus  it  is  at  present  possible  to 
dlstingtiish  only  gross  differences  in  sensitivity  between 
structurally  similar  organic  compounds®  The  present  stu 
was  xmdertaken  with  the  pvirpose  of  establishing  a  rela¬ 
tionship  whereby  we.  might  judge  how  the  Impact  sensitivities 
of  a  recently  prepared  series  of  compounds  containing  the 
terminal  fluorodlnitromethyl  group  (4b)  compared  with 
other  polynitroaliphatic  compounds  at  similar  levels  of 
"explosive  power®"  In  developing  the  relationship  herein 
described  it  soon  became  apparent  that  there  might  be 
cations  extending  far  beyond  this  original  1: 
b jectiv 
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molecule.  For  compounds  containing  only  carbon,  hydrogen, 
nitrogen  and  oxygen,  the  applicable  equation  is 


OB/100 


100  (2  no  -  hH  -  2  nc  -  2  n(_c00")) 
Mol.  Wte 


where  Hq,  Hh  represent  the  number  of  atoms  of 

oxygen,  hydrogen  and  carbon  in  the  molecule  and  n(..C00“) 
the  number  of  carboxyl  groups .  For  compounds  balanced 
to  the  carbon  monoxide  level,  OB/100  =  0.  Above  the  CO 
level,  OB/100  has  a  positive  sign,  below  the  CO  level  a 
negative  sign, 

II.  POLYNITROALIPHATIC  COMPOUNDS  (l) 

An  attempt  was  made  to  eliminate  the  possibility 
that  preformed  prejudices  might  influence  the  choice  of 
examples.  Tlie  first  one  hundred  compounds  encountered  in 
a  search  of  the  periodic  NavOrd  Reports  listing  sensltivl- 
ties  of  explosive  samples  received  by  the  Explosives  Eropertlffl 
Division  (2)  during  the  period  1  Janxiary  1950  to  1  November 
1956  were  taken.  Bie  following  criteria  were  then  set  for 
Inclusion:  Ihe  compound  was  solid  at  room  temperature, 
contained  no  heteroaromatle  ring,  contained  no  acetylenic 
or  azido  groups  and  was  not  a  salt .  Of  the  original 
hundred,  seventy-eight  met  all  criteria. 

These  compounds,  divided  into  categories  according 
to  structure,  are  listed  in  Table  I,  Listed  also  for  each 
is  the  molecular  formula,  molecvilar  weight,  oxidant  balance 
per  mole,  OB/100  and  impact  sensitivity.  A  plot  of  OB/100 
vx.  impact  sensitivity  for  these  compounds  is  given  in 
Figure  1. 

A  first  glance  at  this  figure  in  which  no  distinction 
is  made  between  types  of  compounds  shows  the  expected 
general  Increase  in  impact  height  with  Increasing  OB/100. 

The  band  within  which  all  compounds  fall  is  quite  broad 
with  impacts  ranging  from  5  to  I6  cm  at  OB/100  =  +  5.0> 
from  11  to  72  cm  at  OB/100  =>  +  0.50  and  from  54  to  220  cm 
at  OB/100  =  -  1.25,  Closer  inspection  of  the  plot, 
however,  shows  several  areas  of  regularity. 

Categories  1-5,  Nltramlnes  and  Nitramides  # 

These  compounds,  which  share  the  common  property 
that  each  has  at  least  one  nitro  group  attached  directly 
to  nitrogen,  almost  uniformly  show  lower  impact  values  than 
the  other  polynitroallphatics  at  eqiai valent  values  of 
OB/100,  It  appears.  Indeed,  that  points  for  the  compounds 
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in  these  five  categories,  represented  by  filled- in  circles 
on  the  plot,  show  the  hoped-for  statistical  distribution 
about  a  straight  line  relating  OB/100  with  the  logarithm 
of  the  impact  height. 

Since  it  would  be  overly  precise  to  attempt  a  least- 
sqiaares  treatment  based  on  measurements  as  inexact  as 
these,  we  have  by  inspection  delineated  an  area  within 
which  it  is  expected  a  least-squares  line  woiiLd  fall  and 
whose  width  at  any  impact  height  is  eqoial  to  1.0%  of  that 
height,  ®iis  area,  hereafter  called  the  "true  trend  for 
H-nltro  compounds,  may  be  described  by  the  approximation 

log  I,  s,  +0.02  =  1,58  -  (0,18)(OB/100) 
where  I,  S,  represents  the  50^  impact  height. 

Of  the  forty-five  nitramino  and  nltramido  compounds, 
fifteen  fall  in  the  area  of  the  "true  trend",  an  addi¬ 
tional  seventeen  within  10^  of  the  area  and  an  additional 
seven  within  between  10  and  "^0%  of  the  area.  Of  the  other 
six,  none  is  more  than  80^  off  the  value  predicted  by  the 
"true  trend,"  Since  TNT,  a  standard  for  impact  determi¬ 
nations,  has  shown  impact  values  ranging  from  below  100  to 
250  cm,  and  considering  that  for  a  period  of  over  three 
months  impact  sensitivities  of  TNT  consistently  ran 
between  20  and  kO%  high,  the  distribution  is  as  good  as 
could  be  hoped  for  if  the  relationship  claimed  is  truly  a 
fact  of  nature. 

An  attempt  was  made  to  determine  whether  within  the 
overall  classification  "N-nltro  compounds"  there  was  any- 
preferred  concentration  of  points  above  or  below  the  "true 
trend"  according  to  structure,  Bie  five  individual  cate¬ 
gories  comprising  the  group  each  show  more-or-less  random 
distribution  as  do  categories  based  on  the  number  of 
nitramino  groups  in  the  molecule  or  molecxilar  weight. 

There  is  a  slight  tendency  for  compounds  containing 
"dead  weight"  carboxyl  groups  to  fall  above  the  "true 
trend"  and  for  primary  nltramines  to  fall  below. 


;eeories  o  ana  ( s  Trinltromethyl  Compounds  O 

Points  for  these  two  classes,  represented  by  empty 


circles  in  Pigxire  1,  also  distribute  about  a  straight  line 
relating  the  logarithm  of  impact  sensitivity  with  OB/100, 

A  "true  trend"  for  polynitroaliphatlc  compounds  based  on 
these  points  is  "snora  in  the  plot  and  may  be  described  by 

log  I,  S,  +0,02  «  1,76  -  (0,22)(0B/100)o 
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Of  the  twenty-eight  compounds,  eight  fall  in  the  area  of 
the  "true  trend",  an  additional  thirteen  within  10^,  foxir 
within  between  10  and  30^  and  three  within  between  30  and 
60^, 


At  OB/100  =  +  2,0  this  "true  trend"  predicts  an 
impact  height  twice  that  of  the  N-nitro  "true  trend";  at 
OB/100  =  -  2.0,  impact  heights  are  three  times  as  great. 

The  question  of  why  polynitroaliphatics  and  N-nitro  com¬ 
pounds  follow  separate  trends  is  discussed  separately  (1) 
as  is  the  suggestion  that  lower  heats  of  formation  and 
higher  heats  of  detonation  of  N-nitro  compoiinds  cause 
lower  impact  heights  at  equivalent  values  of  OB/100,  It  is 
meanwhile  instructive  to  consider  two  pairs  of  compounds, 
structxjrally  identical  with  the  exception  that  in  each 
case  a  nltramlno  group  replaces  a  gem-dlnltro .  Tie-lines 
between  the  compoxmds  considered  are  drawn  in  Figure  1. 


Heat  Impact 
of  Det.  Sensi- 

No,  Compound  (X  =  NO2)  OB/100  Cal/g  tlvlty 

66  CH3CX2CH2CH2COOCH2CX5  -0.28  1035  70 


23  CH5NXCH2CH2COOCH2CX5  -0.97  970  35 
72  CX5CH2OOCCH2CH2CX2CH2CH2COOCH2CX3  +0.35  1115  68 
29  CX5CH200CCH2CH2NXCH2CH2C00CH2CX5  0.0  1065  29 


In  each  instance  the  nitramino  compound  has  a  lower  value 
of  OB/100  and  a  lower  calculated  heat  of  detonation  but  is 
still  much  more  sensitive. 

Category  8.  gem-Dlnltro  Compovinds  A 

Compounds  77  and  78  lie  well  above  the  "true  trend"  for 
polynitroallphatic  compounds  while  with  compounds,  7^#  75 
and  76  the  points  fall  much  lower.  The  last  three  share 
in  common  the  fact  that  each  has  a  gem-dinitro  group  in  a 
position  alpha  or  beta  to  another  secondary  nltro  linkage 
and  it  may  be  thatnaiTs  is  a  sterically  unfavorable  situ¬ 
ation  as  far  as  impact  sensitivity  is  concerned.  This 
seems  borne  out  by  the  fact  that  comporands  65  and  73  of 
Category  7  which  contain  this  struct\a*al  feature  also 
exhibit  the  same  behavior. 
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IV.  TWO- COMPONENT  MIXTURES 

In  considering  the  sensitivity  of  piare  compounds  one 
has  to  contend  only  with  the  vagaries  of  the  impact 
machine.  With  more  than  one  component  there  is  the  addi¬ 
tional  complication  that  the  method  of  mixing  is  also 
suspect.  One  never  knows  whether  the  55  Jbs  sample  taken 
for  the  individual  shot  fairly  represents  the  overall  com¬ 
position  of  the  aggregate,  Ifiifortimately,  such  phenomena 
as  segregation  and  clustering  appear  to  be  the  rule  rather 
than  the  exception. 

Since  systemic  errors  in  multi- components  systems  are 
more  to  be  expected  than  with  single  compounds,  we  have 
been  more  selective  in  the  choice  of  examples  for  consider¬ 
ation.  We  have  confined  ourselves  to  pairs  for  which  large 
ntmibers  of  measurements  are  available  and  for  which  results 
tedcen  over  a  span  of  years  by  a  number  of  workers  show  a 
measure  of  agreement.  Ihe  data  have,  as  before,  been 
taken  from  the  periodic  NavOrd  Reports  of  the  Explosives 
Properties  Division  covering  the  interval  1  Janxiary  1950  to 
1  November  1956  (2). 

Explosive  Plus  Explosive 

Plots  of  logarithmic  50^  impact  heights  as  functions 
of  OB/100  are  shown  in  Figure  4  for  mixtures  of  RDX  with 
TNT  and  with  bls-dlnltropropyl  fumarate  (laiPP),  m  both 
cases  the  point's  distribute  about  straight  lines  connecting 
the  logarithmic  impact  heights  of  the  Individual  components. 
Probably  the  most  reliable  of  the  points  on  the  plot  is 
that  for  Composition  B  at  OB/lOO  »  -  1.50.  AlthoiJgh  not 
strictly  a  two-component  system  since  it  contains  wax, 
it  seems  significant  that  the  accepted  Impact  sensitivity 
of  60-65  cm  agrees  well  with  the  62  cm  predicted  if  the 
linear  relationship  shovild  apply. 

Other  explosive  pairs,  for  which  it  appears  that 
mixtures  show  logarithmic  impact  heights  between  those  of 
the  individual  components  and  for  which  a  similar  linear 
relationship  with  OB/100  may  hold,  involve  RDK-TNETB, 
REK-BTNEU  and  HMX-BTNEN.  With  these  pairs  the  amoxmt  of 
data  available  is  sufficient  only  for  the  qualitative 
observation. 

Without  further  experimental  results  any  conclusions 
must  be  tentative  and  it  can  only  be  expressed  as  an 
opinion  that  where  mixing  is  ideal,  the  logarithmic  impact 
sensitivity  of  a  mixture  of  explosive  plus  explosive  is  a 
linear  function  of  the  composition  of  that  mixtiare. 

It  should  be  noted  that  the  frequently  made  qualitative 
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observation  that  the  sensitivity  of  a  mixture  approaches 
more  closely  that  of  the  more  sensitive  component  is  not  in 
conflict  with  the  above  opinion,  A  linear  relationship 
with  logarithmic  heights  would  on  a  non- logarithmic  basis 
have  this  as  a  necessary  consequence*. 

Explosive  Plus  Wax 

Because  of  their  differing  physical  properties, 
segregation  and  clustering  are  even  more  to  be  expected 
with  mixtures  of  explosive  plus  wax.  It  is  disconcerting 
but  not  sxirprising  to  find  presumably  the  same  RDX-wax 
composition  shooting  at  heights  ranging  from  25  cm  to 
250  cm.  Of  the  multitude  of  data  collected  for  explosive- 
wax  mixtures  only  a  single  value  may  be  considered  as 
reliable  and  this  only  over  a  range. 

Based  on  an  average  of  tens  of  thousands  of  shots.  Com¬ 
position  A  (91^  RBK-9JS  wax)  has  an  impact  sensitivity  of 
70-75  cm.  OB/lOO  for  this  mixture  is  -2,58**.  At  an 
equivalent  value  of  0^100  a  pia?e  explosive,  if  it  fol¬ 
lowed  the  '’t3?ue  trend for  N-nitro  compounds,  would  be 
predicted  to  have  an  impact  sensitivity  of  67-73  cm. 

Additional  data  for  this  and  other  proportions  of 
REK  and  Stanolind  wax  are  plotted  in  Figure  5.  It  can  be 
seen  that  for  compositions  ranging  from  2  to  15^  wax 
there  is  an  approximately  equal  distribution  of  points 
above  and  below  the  "true  trend"  (solid  lines). 

Also  plotted  in  Figure  3  are  data  for  TNETB  - 
Stanolind  wax  mixtures  at  compositions  from  1  to  15^  wax 
together  with  the  "true  trend"  for  polynitroallphatlc  com¬ 
pounds,  Here  it  appears  that  if  a  least-squares  line 
should  be  drawn  through  these  points  the  line  would  closely 
parallel  the  "true  trend"  for  this  class  of  compounds, 

*  Note  added  in  proof:  It  has  recently  come  to  our  atten¬ 
tion  that  a  similar  linear  relationship  between  composition 
and  logarithmic  impact  heights  of  RDX-PETN  mixtures  as 
measured  on  the  ERL  machine,  "Design  No.  was  des¬ 
cribed  fifteen  years  ago  (3) . 

**  In  the  calculations  waxes  are  considered  to  be 
mainly  polymethylene,  OB/100  =  -  28.6 
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If  the  point  A  represents  an  explosive  compound  and  the 
broken  line  X-Y  the  "true  trend"  of  the  class  Into  which 
that  compound  falls,  the  arrow  A“C  describes  the  behavior 
of  both  RIK  and  TNETB  on  addition  of  wax.  Ihls  effect  Is 
one  of  dilution,  not  desensltizatlon.  Ihe  same  result 
was  obtained  on  adding  met^iylene  groups  In  the  form  of  a 
wax  coating  on  the  explosive  crystal  as  would  be  pre¬ 
dicted  had  the  same  quantity  of  methylene  groups  been 
Incorporated  within  the  structxir'e  of  the  molecule. 

True  desensltizatlon  would  imply  the  behavior 
described  by  the  arrow  A-B.  Ttie  decrease  In  sensitivity 
on  coating  crystal  surfaces  with  wax  would  be  greater  than 
that  anticipated  simply  by  dilution.  Many  cases  of  A-B 
behavior  have  been  reported,  but  none  has  ever  been  repro¬ 
duced  and  It  appears  that  in  conventional  "desensltizatlon" 
It  has  never  truly  occuri'ed.  If  it  liad,  the  composition 
would  probably  novj  be  in  service  use. 


Behavior  described  by  the  ai‘row  A-D  has  also  often 
been  reported.  It  is  a  necessary  consequence  of  segre¬ 
gation  that  if  A-C  represents  ideal  beiiavlor  and  If  one 
portion  of  a  mixtiu’e  follows  A-B  behavior,  another  portion 
will  follow  A-D. 

It  Is  our  belief  that  the  impact  sensitivity  of  an 
explosive  on  "desensitization"  approaches  that  anticipated 
on  dilution  as  mixing  and  ssaapl.iJtg  approach  Ideality. 

While  the  validity  of  all  other  evidence  Is  suspect,  the 
value  for  Composition  A  seeriis  unassailable  and  strongly 
supports  this  belief. 
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CONCLUSIONS 

A  number  of  conclusions  may  be  drawn  from  this  study  ^ 

If  correct;,  they  support  recommendations  on  futiire  research 
and  development  in  the  field  of  explosive  chemistry « 

(1)  Nltramlnes  are  more  sensitive  than  other  poly^ 
nitroaliphatic  compounds  at  equivalent  values  of  OB/100 
and  at  equivalent  heats  of  detonation,  Bie  N-nitro 
linkage  appears  to  be  a  built-in  sensitizing  group.  It  is 
perhaps  unfortunate  that  of  the  three  compoimds  most 
commonly  used  in  explosive  chemistry,  RDX,  tetryl  and  TNT, 
two  are  of  this  class.  In  the  fiirther  synthesis  of  new 
high  explosives  and  propellants,  the  N-nitro  linkage  should 
be  avoided.  Conversely,  at  every  value  of  OB/100,  poly- 
nitroaliphatic  compounds  not  containing  the  N-nltro  linkage 
are  less  sensitive  than  pure  explosives  and  explosive  com¬ 
positions  now  in  use, 

(2)  For  separate  classes  of  explosive  compounds 
there  are  linear  relationships  between  logarithmic  impact 
heights  and  OB/lOO,  Ihese  relationships  have  a  number  of 
potential  uses, 

(2-a)  One  can  predict  the  sensitivity  of  a  compound 
prior  to  making  it.  This  furnishes  a  preliminary  indi¬ 
cation  of  how  the  compoiand  should  be  handled, 

(2-b)  One  can  determine  whether  within  a  class  addi¬ 
tional  structural  features  tend  to  sensitize  or  desensitize, 
Pluorodinitromethyl  compounds,  for  example,  appear  quite 
promising  as  a  group  because  their  impact  sensitivities 
generally  fall  above  the  "true  trend"  for  polynitro- 
aliphatlcs  (4),  Conversely,  compounds  with  the  gem- 
dinltro  linkage  alpha  or  beta  to  a  secondary  nltro  group 
appear  not  to  be  promising  because  impacts  fall  well 
below  the  "true  trend." 

(5)  With  ideal  mixing  the  Impact  sensitivity  of 
explosive  plus  v?ax  is  that  predicted  at  an  equivalent 
value  of  OB/100  by  the  "true  trend"  of  the  class  into 
which  that  explosive  falls.  Conventional  "desensitization" 
appears  merely  to  be  a  process  of  dilution.  If  this  be  the 
case,  why  "desensitize"?  Bie  same  result  may  be  achieved 
by  incorporating  the  sairie  qiiantity  of  methylene  groups 
within  the  structure  of  the  explosive  molecule,  l.e,, 
"tailor-making"  a  molecule  with  the  same  value  of  OB/100 
as  explosive  plus  wax,  A  number  of  advantages  result. 

Problems  of  segregation,  stratification,  preferential 
exudation,  sampling,  etc,  are  eliminated.  Batch  to  batch 
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reproducibility  Is  much  easier.  In  “desensitizing”  RDX 
we  must  build  around  the  physical  characteristics  of  this 
compoTJnd;  In  tailor-making  we  can  choose  between  many 
possible  sets  of  physical  properties  since  a  wide  variety 
of  compoxmds  Is  potentially  available  at  any  value  of 
OB/100  desired. 

NOTE  WELL:  In  reconaaendlng  against  "desensitization" 
we  confine  ourselves  to  the  conventional  method  of  coating 
explosive  ciystals  with  wax.  Work  currently  being  done  on 
de sensitization  by  solution  is  promising  and  may  offset 
many  of  the  arguments  made  here, 
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Introduction 


In  a  compilation  of  the  impact  sensitivities  of  a  -variety  of 
primary  and  secondaiy  explosi-ves,  Arthur  D,  Little,  Inc.  (l)  noted  an 
apparent  correlation  of  the  Figure  of  Insensitiveness  (-which  is  a 
measure  of  impact  sensiti-vity)  with  oxygen  balance.  The  "correlation" 
was  not  subjected  to  a  statis-tical  test  nor  was  its  theoretical  Justi- 
fi cation  explored.  More  recently,  with  Bowden's  and  Yoffe's  (2)  hot 
spot  theoiy  of  impact  initiation  as  a  basis,  Wenograd  (3)  demonstrated 
the  existence  of  a  correlaticn  between  the  impact  sensiti-vities  of 
secondary  CHNO  explosives  and  their  extrapolated  rates  of  thermal  de¬ 
composition  at  500®C.,  Ha-ving  attributed  the  thermal  decomposition 
rate  to  ease  of  breaking  of  the  weakest  bond  in  a  molecule,  Kanlet  (4) 
reasoned  that  for  groups  of  structurally  related  explosives  containing 
the  -weak  C-nitro  or  N-nitro  bonds  one  should  find  a  relationship  be¬ 
tween  the  rate  of  decomposition  and  oxygen  balance.  (The  latter  is 
obviously  a  function  of  the  number  of  C-nitro  and  N-nitro  bonds  in  the 
molecule.)  Consequently,  impact  sensiti-vity,  too,  should  correlate 
with  oxygen  balance. 

Kamlet's  investigation  of  some  eighty-four  explosive  com¬ 
pounds  has,  in  fact,  substantiated  this  notionj  in  particular,  the 
logarithmic  impact  heights  corresponding  to  50^  probability  of  ex¬ 
plosion  were  found  to  -vary  in  an  inverse  linear  manner  -with  increasing 
oxidant  balance,  where  the  latter  is  defined  as  the  number  of  equiva¬ 
lents  of  oxidant  per  100  gms  of  compound  abo-ve  -che  amoimt  necessary  to 
b\irn  all  hydrogen  to  water  and  all  carbon  to  carbon  monoxide. 

Since  some  of  the  ramifications  (4)  of  these  and  related 
findings  are  reportedly  of  great  consequence  to  the  military,  it  was 
deemed  desirable  l)  to  search  for  a  similar  correlation  among  an  in¬ 
dependent  set  of  impact  sensitivity  data  and  2)  to  test  the  extent  of 
the  correlation,  if  any. 
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Compaidson  of  Impact  Tests 

The  data  which  viill  be  analyzed  in  this  report  consist  of 
the  British  Figures  of  Insensitiveness  (Fl)  which  are  conrpiled  in  the 
aforementioned  Reference  1  and  are  also  available  in  the  convenient 
form  of  IBM  punched  cards  (5)^6  The  FI  Index  is  defined  as  the  rela¬ 
tive  area  under  the  per  cent  gas  evolved  versus  impact  height  curve 
based  on  picric  acid  as  the  standard®  It  is  determined  by  means  of 
the  Rotter  impact  machine  (7)  in  which  a  brass  cap  containing  a  known 
volume  of  explosive  is  acted  upon  by  a  falling  weight  and  the  extent 
of  the  ensuing  evolution  of  gas  is  taken  as  a  n^asure  of  explosion 
probabilityo  Four  repeat  runs  at  each  of  five  or  six  drop  heights 
generally  constitute  the  raw  data  for  each  explosive  whence  the  FI 
value  is  obtainedo 

The  data  which  served  as  a  basis  for  the  analyses  of 
Wenograd  and  Kamlet^  however,  were  obtained  by  means  of  the  ERL  impact 
machine  (8)  employing  Type  12  tools  on  sandpaper®  Here  the  sample  is, 
relatively  speaking,  unconfined  and  the  occurrence  of  an  explosion  is 
registered  on  a  noise  meter  (9)o  Generally,  50  trials  are  carried  out 
near  the  50^  explosion  height  in  accordance  with  the  AMP  "up  and  down" 
method  (10)© 

Owing  to  the  relatively  low  statistical  uncertainty  surround¬ 
ing  the  5C^  explosion  height  and  the  greater  niimber  of  trials  employed, 
the  AMP  test  procedure  is,  no  doubt,  capable  of  yielding  more  reliable 
relative  impact  sensitivities  than  the  British  procedure  (ll)o  Ac¬ 
cordingly,  British  investigators  (12)  have  in  recent  years  largely 
abandoned  their  traditional  test  procedure  in  favor  of  the  "up  and 
down"  method,  while  still  retaining  the  basic  features  of  the  Rotter 
nachine©  The  newer  results  are,  however,  quite  limited  in  quantity® 
Thus,  in  order  to  provide  the  ensuing  correlation  study  with  the 
broadest  possible  base,  it  was  decided  to  exploit  the  older,  more 
complete  set  of  FI  data®. 


Two  types  of  oxygen  balances  are  considered  as  correlation 
parameters  in  the  present  study® 


One  is  the  familiar  weight  per  cent  oxygen  balance  to  CO2 
and  H2O  which  is  a  measure  of  the  relative  weight  of  oxygen  in  de¬ 
ficiency  or  excess  of  what  is  required  to  bum  all  carbon  to  carbon 
dioxide  and  all  hydrogen  to  water®  For  CHNO  compounds  the  applicable 
equation  is 

OB  =  100  (No  -  2  -  2No) 

2  s 


W 

i5 


100  MOB 

16 


(1) 


^Footnotes  A  catalog  (6)  which  has  been  prepared  from  the  card  file 
also  contains  all  the  data  reported  here  but  in  less  con¬ 
venient  form® 
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■where  N©,  Nh  and  Nc  are  the  nijmber  of  atoms  of  oxygen,  hydrogen  and 
carbon,  respecti'^rely,  in  the  molecule ,  is  the  ratio  of  the  molecu¬ 

lar  weight  to  the  atomic  weight  of  oxygen  and  MOB  is  the  molar  oxygen 
balance  to  CO2  and  H2O.  It  should  be  noted  that  "the  main  difference 
bet'ween  Equation  1  and  Kamlet's  expression  for  oxidant  balance  resides 
in  the  difference  between  the  CO  and  CO2  reference  levels  of  combustion. 
In  essence,  however,  they  measure  the  same  quantity  which  is  the  rela¬ 
tive  amount  of  oxygen  in  the  explosive. 

Another  expression  for  oxygen  balance  has  recently  been  ^- 
troduced  by  Martin  and  Yallop  (13)  for  the  purpose  of  differentiating 
among  cocygen  atoms  which,  on  the  one  hand,  are  either  completely  or 
only  partially  available  for  combustion  of  the  fuel  elements  to  CO2  and 
H2O  and,  on  the  other  hand,  are  altogether  unavailable.  Thias  oxygen 
atoms  attached  to  a  nitrogen  which  is  loosely  linked  with  either  a^ 
carbon  or  another  nitrogen  as  in  the  plosophoric*^  nitro  and  nitramine 
groups,  respectively,  are  completely  available  for  combustion;  oxygens 
which  link  the  nitrate  group  to  a  carbon  atom  are  only  partially  a'vail- 
able  for  further  combustion;  finally,  oxygens  which  occur  in  the  auxo- 
plosive-5^  keto,  carboxyl,  hydroxyl  or  ether  groups  are  essentially 
unavailable.  For  CHNO  explosives  this  modified  oxygen  balance  takes 
the  form 

ObI  =  100  (MOB  -  wl  (2) 

n 

•where  n  is  the  number  of  atoms  in  the  molecule  and  'W^  is  a  factor 
vdiich  corrects  for  the  extent  of  "non— availability"  of  certain  oxygen 
atoms.  In  particular,  the  -values^*^  of  w  employed  in  the  calculation 


^Footnote:  For  a  definition  of  the  terms  primary  jxLosophoric  and 
secondaiy  plosophoric  and  auxoplosive  see  Reference  1. 

«*Footnote;  In  Martin’s  and  Yallop* s  paper  w  is  preceded  by  /  which 
signifies  that  when  MOB  is  positive  w  is  positive  and  wten  MOB 
is  negative  w  is  negati've.  Presumably,  the  authors  anticipated 
that  the  "trend"  of  increasing  detonation  velocity  with  increasing 
oxygen  balance  would  reverse  itself  at  a  negative  oxygen  balance 
near  zero  o'wing  perhaps  to  an  increasing  degree  of  disassociation 
of  CO2  and  H2O  followed  by  dilution  of  the  detonation  energy  by 
the  presence  of  excess  oxygen. 

In  the  present  study,  ho'wever,  one  would  expect  impact 
sensitivity  to  increase  monotonically  with  increasL  ng  oxygen  bailee 
so  long  as  the  oxygen  is  carried  by  plosophoric  as  contrasted  with 
auxoplosive  groups.  The  effect  of  auxoplosive  oxygen  should,  as  a 
result,  always  be  subtracted  in  Eqtiation  2. 

■^^Footnote; 

These  values  are  taken  directly  from  Reference  13. 
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of  OB^  in  this  paper  are  the  follovdngs 

Nature  of  Oxygen  Linkage  w 
0  (I  s  0)  0 

0  (C-0»N)  1 

0  (C  »  0)  leS 

0  (C-O-H)  2e2 


Besides  the  appearance  of  w  in  the  expres.s^n  for  OB^ g 
second  feature  which  differentiates  between  OB  and  OB^  is  that  the 
fomer  is  a  weight  ratio  whereas  the  latter  is  an  atom  ratio®  It 
will  be  later  shown^  however^  that  this  does  not  materially  affect  the 
correlation  with  Flo 

From  KaiaLet*s  investigation,  one  infers  that  impact  sensi¬ 
tivity  increases  vdth  osgrgen  balance  provided  the  oxygen  is  associated 
with  weak  linkages  as,  for  example,  the  C-nitro  and  C-nitramine  bonds® 
The  more  firnily  bound  auxoplosive  groups  bearing  oxygen,  however,  can¬ 
not  be  expected  to  contribnibe  to  the  impact  sensitivity  of  the  parent 
compound®  Thus,  0^  should  be  superior  to  OB  as  a  correlation  para¬ 
meters  As  a  result,  an  attempt  is  imde  to  ascertain  viiether  this  is 
borne  out  by  the  data® 

Criteria  for  Selection  of  Compounds 

Compounds  were  selected  in  accordance  with  the  following 

criteria I 


a®  They  must  be  - 

(1)  CHNO  secondary  explosives  containing  the  primary 
plosophoric  groups,  nitro  and  nitramine,  (compounds  containing,  for 
example,  the  primary  piLosophoric  nitrate  group  or  the  secondary  ploso¬ 
phoric  groups  -  azide,  diazo,  peroxide,  acetylenic,  etc.  were  ex¬ 
cluded  from  this  study)® 

(2)  Solids  at  room  temperature 
bo  They  must  not  be  - 

(1)  Organic  or  inorganic  saltso 

(2)  Polyneric  substances® 

Results 


Forty-eight  compounds  were  found  to  satisfy  the  above  re¬ 
quirements©  In  Figures  1  and  2  FI  is  plotted  versus  OB  and  OB^, 
respectively®  Each  symbol  represents  a  compound  in  one  of  five  con- 
veniaitly  chosen  structure  classifications^  viz,  aromatic  nitro  A  , 
aliphatic  nitro  0  ,  open  chain  nitramine  D  »  nitramine  containing 
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FIGURE  OF  INSENSITIVENESS 
VS 

CONVENTIONAL  OXYGEN  BALANCE 
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ring  nitrogens  O  snd  heteroaromatic  nitramine  X  »  The  number 
adjacent  to  each  symbol  is  a  code  designation  of  the  compound  which 
is  identical  with  that  found  in  References  1,  5  and  6,  whence  the 
data  were  extractedo  Table  1  enables  one  to  identify  the  compound 
names  corresponding  to  their  code  serial  numbers,  the  latter  being 
listed  in  Table  1  in  numerical  sequence  tuider  the  appropriate  strac- 
ture  classificationo 

In  view  of  the  considerable  spread  of  the  points  in  both 
Figures  1  and  2,  a  simple  linear  correlation  was  assumed  to  a  first 
approximation  between  both  FI  and  OB  and  FI  and  OBI®.  A  least-squares 
treatment  was  then  applied  to  the  points®  This  yielded  the  follox<d.ng 
analytical  expressions  for  the  lines  representing  the  points  in 


Figures  1  and  2,  respectively: 

F®I®  U  38)  = 

52  - 

0®79  OB 

(3) 

and 

for 

-100  ^  OB  --9 

F.I®  U  35)  = 

43  - 

1.3  OB^ 

(4) 

for 

-69  -  OB^  ^  -7 

The  parenthetic  number  in  each  of  the  above  equations  repre¬ 
sents  a  value  which  is  twice  the  (adjusted)  standard  deviation  of  the 
differences  between  the  actual  FI  corresponding  to  a  given  OB  or  OB^ 
and  the  estimated  FI®  This  value  which  is  known  to  statisticians  as 
2x  the  standard  error  of  estimate  (i.e®  2  C" )  implies  that  at  least 
95^  of  a.n  the  points  should  fall  within  two  lines  drawn  above  and  be¬ 
low  the  lines  represented  by  Equations  3  and  4  of  vertical  distances 
3S  and  35  units  from  it,  respectively  (see  Figures  1  and  2)®  Furthe]>- 
more,  these  equations  must  not  be  extrapolated  beyond  the  indicated 
ranges  of  validity  of  the  independent  variable® 

Of  particular  importance  is  the  (adj\isted)  correlation  co¬ 
efficient  which  has  been  determined  for  each  of  the  above  graphs® 

This  coefficient  (12)  measures  the  proportion  of  the  variation  in  FI 
which  is  associated  with  the  independent  variable®  It  may  vary  between 
0  and  1,  0  representing  no  correlation  and  1  perfect  correlation®  The 
particular  (adjusted)  correlation  coefficients  for  the  data  in  Figures 
1  and  2  are  0*6?  and  respectively®  Application  of  Fisher's 

statistical  techniques  (15,  16)  to  these  values  indicates  that  corre¬ 
sponding  to  95^  confidence,  l)  a  correlation  exists  between  FI  and  OB 
to  the  extent  that  at  least  27%  of  the  variance  in  FI  csui  be  associ¬ 
ated  vdth  OB,  2)  a  correlation  exists  betvreen  FI  and  OB^  to  the  e^ent 
that  at  least  37%  of  the  variance  in  FI  can  be  associated  with  0!^, 
flnH  3)  while  OBI  gives  a  somewhat  better  correlation  than  OB  there  is 
insufficient  evidence  to  indicate  that  this  improvement  is  significant® 

It  should  be  noted  that  of  the  forty-eight  explosives  in¬ 
cluded  in  this  study  only  fifteen  contained  oxygen-bearing  auxoplosive 
groups  such  as  ether,  hydroxyl,  carboxyl,  keto,  etc®  These  are  label¬ 
led  in  Table  1  by  means  of  an  asterisk®  The  remaining  thirty-three 
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ctompoxinds  cany  oxygen  only  in  the  form  of  the  plosophoric  nitro  or 
nitraraine  groups*  The  correction  factor  w  for  these  explosives  is 
therefore  zero.  Thus,  OB^  differs  from  OB  only  in  the  change  of  the 
denominator  in  Equations  1  and  2  from  ™  to  n*  In  view  of  the  insigni¬ 
ficantly  small  increase  in  correlation^°coefficient  associated  vdth 
the  conversion  OB  OB^  it  was  thought  that  perhaps  some  of  the 
efficiency  of  OB^  was  lost  due  to  the  change  in  denominator  from 
to  n.  Accordingly,  the  data  of  the  thirty-three  pure  plosophores 
were  analyzed^  as  before,  using  both  OB  and  OB^  as  independent  vari- 
ables.  A  decrease  in  correlation  coefficient  from  ,76  corresponding 
to  OB  to  ,71  corresponding  to  OB^  was  indeed  observedj  however,  no 
significance  can  be  attached  to  this  small  difference.  This,  there¬ 
fore,  confirms  the  previous  conclusion  that,  insofar  as  the  present 
study  is  concerned,  both  OB  and  OB^  are  equally  well  suited  as  cor¬ 
relation  parameters. 

Discussion  of  Results 


The  principal  outcome  of  the  present  investigation  is  that 
the  figvires  of  insensitiveness  of  solid,  secondary  CHNO  explosives  in 
the  nitro  and  nitraraine  category  can  be  correlated  with  oxygen  balance. 
That  this  correlation  is  tinambiguously  established  (by  statistical 
means)  is,  in  a  sense,  surprising  when  one  considers  that  many  factors 
other  than  oxygen  balance  could  conceivably  affect  relative  impact 
sensitivity.  To  name  but  a  few,  consider  such  factors  as  the  vari¬ 
ation  in  over-all  physical  and  surface  condition  among  samples  of  the 
same  or  different  explosives,  uncontrollable  variations  in  environ¬ 
mental  conditions  and,  above  all,  the  variation  in  chemical  structure 
among  explosives  of  identical  or  nearly  identical  oxygen  balance.  It 
is  highly  improbable  that  we  are  dealing  with  a  fortuitous  phenomenon, 
particularly  since  Kamlet  has  already  demonstrated  the  existence  of  a 
correlation  betvreen  impact  sensitivity  and  oxygen  balance  on  the  basis 
of  an  entirely  different  set  of  data.  Moreover,  as  was  discussed 
earlier,  the  basic  hypothesis  is  not  without  some  theoretical  justi¬ 
fication.  The  results,  therefore,  strongly  suggest  that  oxygen 
balance  is  certainly  an  important  factor,  among  luidoubtedly  others, 
affecting  the  relative  impact  sensitivity  of  an  explosive. 

Figures  1  and  2  reveal  at  a  glance  that,  contrary  to  Kamlet ’s 
findings,  the  nitro  and  nitraraine  compounds  do  not  distribute  about 
separate  regression  lines.  Presumably,  the  resolving  power^  of  the 
figure  of  insensitiveness  is  impaired  by  the  error  surrounding  its 
determination  which  is  undoubtedly  greater  than  that  of  the  5<^ 
explosion  height.  By  the  same  token,  the  failure  of  OBI  to  perform 
significantly  better  as  a  correlation  parameter  than  OB  might  be 
similarly  explained.  The  situation  naturally  demands  that  as  the 
new  British  impact  data  become  available  in  sufficient  quantity  they 
be  subjected  to  the  same  analysis  as  carried  out  here  on  the  older 
British  data. 
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THE  ELEC TRIG -SPARK  INITIATION  OP  MIXTURES  OP 
HIGH  EXPLOSIVES  AND  POWDERED  ELECTRICAL  CONDUCTORS 


To  Po  Llddlard^  Jr*  and  Bo  Eo  Drimmer 
Uo  So  Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


The  initiation  by  an  electric  spark  and  the  sub¬ 
sequent  build-up  to  detonation  in  a  pure,  powdered  high 
explosive,  such  as  PETN  or  RDX,  requires  considerable 
energy,  typically  amounting  to  several  Joules*  Little 
experimental  data  have  been  reported  on  the  events  occur¬ 
ring  within  the  first  0*1  microsec  or  so  after  the 
establishment  of  a  spark  within  the  explosive  powdero 
Initiation  may  occur,  but  this  does  not  necessarily  mean 
that  build-up  to  full  detonation  will  result*  The  steps 
leading  to  such  full  detonation  can  be  listed  In  the 
following  orders  l)  the  Initiation  of  chemical  reaction 
within  a  localized  region |  2)  the  simultaneous  Increase 
In  the  dimensions  of  this  region,  and  an  Increase  In  the 
burning  rate  due  primarily  to  an  Increase  In  the  local 
pressurei  3)  transition  from  rapid  burning  Into  a  low- 
velocity  detonation  due  to  an  accumulation  of  small  shocks 
and  4)  rapid  acceleration  to  high- velocity  steady-state 
detonation* 

The  minimum  spark  energy  required  to  produce  deto¬ 
nation  In  high  explosives  depends  on  such  things  as  the 
Inherent  sensitivity  of  the  explosive  to  sparks,  the 
circuit  parameters,  the  explosive  partlcle-slze  distri¬ 
bution,  the  form,  habit  and  uniformity  of  the  explosive 
crystals,  and  finally,  the  density  of  loading*  As  has 
been  found  elsewhere  with  primers  made  conductive  with 
graphite,  we  have  found  that  the  minimum  electric  energy 
needed  to  produce  detonation  In  high  explosives  Is  greatly 
reduced  by  adding  a  few  per  cent  of  aluminum  powder* 

The  effects  of  adding  aluminum  are.  In  general, 
manifested  In  several  ways;  a)  the  spark  Is  established 
at  a  lower  voltage;  b)  the  spark  break-down  time  for  a 
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given  voltage  Is  greatly  reduced  and  Is  more  reproducible? 
c)  the  threshold  voltage  for  Initiation  Is  lowered  consid¬ 
erably?  and  d)  the  rate  of  bulld-up  to  detonation  Is 
Increased.  Of  many  additives  tested  at  the  Naval  Ordnance 
Laboratory,  only  a  fine  -  flake  aluminum  would  substantially 
produce  all  of  the  above  effects.  For  a  fine  RDX  powder 
(20  microns  average  particle  size:  all  less  than  44  mi¬ 
crons),  3  per  cent  aluminum  by  weight  is  about  optimum  for 
producing  these  effects.  The  size  and  shape  of  the  alu¬ 
minum  particles  are  Important.  The  aluminum  used  In  these 
experiments  (Alcoa  No.  422)  was  composed  of  flakes  that 
passed  through  a  325“'niesh  screen,  about  0.3  micron  thick 
with  an  average  diameter  of  about  10  microns.  Spherical 
particles  of  roughly  the  same  mass  distribution  were 
significantly  less  efficient  than  this  flake  variety. 

We  have  taken  detailed  smear-camera  photographs  of 
the  phenomena  occurring  during  the  bulld-up  to  detonation 
In  several  high-explosive  powders,  both  with  and  without 
the  addition  of  aluminum.  A  typical  example  Is  shown  In 
Figure  1.  The  explosive,  RDX/Al(97/3) ,  was  completely 
confined  by  Plexiglas  to  the  shape  of  a  thin  circular 
wafer,  4  mm  thick  and  25  mm  in  diameter.  The  loading 
density  was  0.8  g/cm3,  (This  was  the  usual  loading  den¬ 
sity,  except  where  the  effect  of  density  change  was 
studied.  In  general,  for  a  given  explosive  mixture  in  this 
experimental  arrangement  Initiation  became  Increasingly 
difficult  as  the  density  increased  beyond  about  half  of 
the  theoretical  maximum  density.  As  a  matter  of  fact, 
charges  with  densities  above  1,0  g/cm3  were  not  reliably 
detonated  with  the  circuit  conditions  described  below.) 
Aluminum-foil  electrodes,  0.05  mm  thick  by  2.5  mm  wide 
with  30  degree  taper,  typically  forming  a  0,3  to  0,8-mm 
gap,  were  pressed  between  the  explosive  and  the  Plexiglas 
cover.  The  slit  of  the  smear  camera  was  aligned  through 
the  middle  of  the  spark  gap,  perpendicular  to  the  line 
Joining  the  electrode  tips,  as  in  Figure  1.  For  much  of 
the  study,  the  energy  to  the  spark  was  supplied  by  a 
1.0  rafd  capacitor,  charged  to  5  kv  and  discharged  through 
a  7,6-meter  long  30-ohm  coaxial  cable  (Figure  2).  The 
Initial  rate  of  rise  of  the  current  (E/L,  the  capacitor 
voltage  divided  by  the  circuit  inductance)  was  determined 
to  be  2200  amp/mlcrosec.  The  peak  current  was  2300  amp, 
reached  In  2.0  mlcrosec. 

The  Instantaneous  power  and  accumulated  energy  In 
the  spark  within  the  explosive  mixture  have  been  deter¬ 
mined  for  the  condition  used  in  the  example  (Figure  3). 

The  resistance  of  the  spark,  after  the  first  0.1  mlcrosec 
or  so,  was  considered  to  be  fairly  constant,  (Our 
m6asur6ni6nts  W6r6  conslstant  with  spark  reslstanc6  valu8S 
ranging  from  0,15  to  0.20  ohm,  or  about  one-fifth  of  the 
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Circuit  Inductance  »  2,23 
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Figure  3«  Power  and  energy  of  a  spark  within  a 
typical  conductive  mix  as  a  function  of  tlm®» 
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total  circuit  resistance.)  As  a  consequence  the  power 
Input  Into  the  spark  (I^r)  follows  the  general  shape  of 
the  current  curve.  On  the  other  hand,  the  energy  Is 
absorbed  by  the  spark  rather  slowly j  In  one  microsecond, 
less  than  2  per  cent  of  the  capacitor  energy  has  been 
absorbed,  and  only  some  7  P®!*  after  2  microseconds. 

As  will  be  seen  shortly,  by  the  end  of  2  microseconds  the 
chemical  energy  from  the  reacting  explosive  appears  to 
have  taken  over  as  the  driving  force. 

The  bulld-up  to  detonation  (distance-time  curve) 
for  RDX/Al(97/3)  is  shown  In  Figure  4.  A  corresponding 
plot  for  PETN/A1(97/3)  Is  also  Included,  (pie  explosive 
particle  size  in  both  cases  was  less  than  44  microns.) 
Velocity -distance  curves,  obtained  from  slopes  of  the 
curves  In  Figure  4,  are  given  In  Figure  5.  Note  that  the 
Initial  velocity  Is  about  800  m/sec  for  both  mixes?  the 
bulld-up  of  velocity  In  the  RDX/Al  powder  Increases  slowly 
for  a  radial  distance  of  about  3.5  mm,  and  then  acceler¬ 
ates  rapidly.  The  PETN/A1(97/3)  shows  no  such  region  of 
gradual  acceleration.  Instead  It  begins  Immediately  to 
accelerate  rapidly.  However,  similar  tests  of  mixes  con¬ 
taining  coarser  PETN  do  show  such  a  region  of  slow  accel¬ 
eration.  (Possibly  the  dominant  reason  for  PETN  exhibiting 
a  faster  bulld-up  than  RDX,  for  comparable  particle  size. 

Is  that  the  PETN  crystals  have  a  greater  surface  area 
than  the  RDX  crystals.  Not  only  are  PETN  crystals  rather 
elongated,  but  they  also  seem  to  contain  large  axial 
cavities.  In  contrast,  the  RDX  crystals  are  nearly  spher¬ 
ical  and  free  of  observable  voids.) 

The  first  wave  appearing  within  the  explosive,  af¬ 
ter  spark  break-down,  appears  to  be  a  weak,  essentially 
non-luralnous  shock.  This  was  clearly  observed,  (Fig¬ 
ure  6)  when  we  placed  a  strip  of  aluminized  Mylar  film 
on  the  outer  surface  of  the  Plexiglas,  over  the  region 
of  the  spark.  This  film  served  two  purposes;  1)  It 
allowed  enough  light  from  the  brilliant  spark  to  pass 
through,  making  observable  the  expansion  of  the  spark 
column;  2)  It  reflected  light  back  to  the  Plexiglas- 
explosive  Interface,  where,  on  reflection  again.  It  made 
observable  the  presence  of  a  weak  shock  within  the  explo¬ 
sive  powder.  (This  shock  caused  modifications  In  the 
reflectivity  of  the  Plexiglas  surface,  at  the  Interface, 
recorded  by  the  camera;  Figure  6.)  The  weak  shock, 
originating  with  the  establishment  of  the  spark,  appears 
to  be  maintained  by  that  spark,  plus,  perhaps,  by  a  series 
of  weak  reaction  waves.  This,  In  turn.  Is  overtaken  by  a 
much  stronger  reaction  wave.  The  spark  column  Itself 
appears  to  behave  as  an  expanding  cylinder  of  Intensely- 
heated  "plasma".  When  detonation  falls  to  develop,  the 
spark  column  continues  to  expand,  as  shown  In  Figure  7» 
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Figure  5.  Butld-up  toward  steady-state  detonation 
velocity. 
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Figure  6o  Smear-camera  record  obtained  as  In 
Figure  except  that  a  narrow  strip  of  alumi¬ 
nized  Mylar  film  was  placed  on  exterior  of 
Plexiglaso  (See  Figure  4^  curve  for  RDX/Al^ 
for  explanatory  dlagramo) 
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Figure  7,  Continued  expansion  of  spark  In  PETN  when 
no  chemical  reaction  Is  observed. 
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In  pure  PETNo  When  build-up  occurs,  as  In  Figure  8  for 
PE'M/A1(97/3L  expansion  of  the  spark  Is  greatly  re¬ 
stricted  by  the  pressure  generated  by  the  reaction  prod- 
UCtSo 


In  one  series  of  tests  a  higher-voltage  pulsing- 
circuit  was  used  to  study  the  effect  on  the  bulld-up  to 
detonation,  of  higher  rates  of  energy  Input  to  the  sparko 
The  energy  from  this  generator  (labelled  "B”,  to  distin¬ 
guish  it  from  generator  A,  described  above)  was  obtained 
from  a  Ool-mfd  capacitor,  charged  to  10  kVo  This  gave  a 
maximum  current  of  4900  amp,  measured  without  spark  load, 
reached  in  0o29  mlcroseco  The  initial  rate  of  rise  was 
28,600  amp/microseco  (Contrary  to  the  behavior  of  pulse 
generator  A,  which  used  a  uni-dlrectlonal  s^fltch,  this  one 
oscillated  with  resonant  frequency,  because  a  spark  switch 
was  usedo)  This  circuit  (generator  B)  produced  hlgh-order 
detonation  in  both  pure  PETN  and  in  pure  RDX,  whereas  the 
other  circuit  (generator  A)  did  noto  (This  underscores 
our  earlier  statement  that  the  minimum  energy  required  to 
cause  detonation  is  dependent  on  the  circuit  parameters? 
note  that  the  energy  stored  in  the  capacitors  of  gener¬ 
ator  A  (l2o5  Joules)  is  greater  than  that  in  generator  B 
(lOoO  Joule®) jo  A  comparison  Is  made  in  Figure  9  of  the 
detonation  build-up  curves  for  PETN/Al  and  for  RDX/Al 
mixtures,  using  generators  A  and  Bo  It  is  seen  that  a 
substantial  Increase  in  the  rate  of  build-up  to  detonation 
Is  produced  by  using  generator  Bo  Note  that  PETN  still 
preserves  a  considerable  superiority  over  RDX  In  Its  rate 
of  build-up o 

Using  generator  B,  a  study  was  made  of  the  effect 
of  adding  fine-flake  aluminum  to  finely-divided  IffiX  and 
PETN  powders  (density  ®  O08  g/cm3)o  The  detonation  build¬ 
up  curves  are  shown  in  Figure  lOo  The  increase  in  the 
rate  of  bulld-up  over  that  of  the  pure  explosive  Is  most 
pronounced  In  the  RDX/Al (97/3)  mlxtxu’ei  only  a  slight 
Increase  was  obtained  In  the  corraspondlng  PETN/Al  mixture o 

In  summary,  the  initiation  and  build-up  to  deto¬ 
nation  of  high-explosive  powders,  such  as  PETN  and  RDX, 
by  electric  sparks  Is,  In  general,  enhanced  by  the  addition 
of  a  few  per  cent  of  flne-flake  alumlnumo  Many  factors 
affect  the  degree  of  enhancements  In  addition  to  the  fac¬ 
tors  described  above  there  were  a  number  of  variations 
studied  which  can  only  be  mentioned  in  passing; changes  in 
explosive-aluminum  ratioj  density  variations  In  the  range 
from  0e5  to  lo3  g/cm3j  explosive  particle  size  and  shapes 
aluminum  particle  size  and  shapei  explosive  composition 
(eogo  tetryl,  HMX,  DATB)|  and  the  electrode  configurations 
Details  of  these  studies  may  be  found  in  NAVWEPS  Report 
6915i!  oow  in  preparations 
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Figure  8.  Restricted  expansion  of  spark  In  PETN/Al 
(97/3)  when  chemical  reaction  occurs.  iFor  Figures 
7  and  8,  explosive  density  was  0.8  g/cm3j  spark 
generation  with  5  kv,  1  mfd.) 
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Figure  9o  Influence  of  circuit  parameters  on  detonation 
bulld”Up«,  Pulse  generator  A;5<.0  kv^  1.0  mfd,  E/L®2200 
arap/mlcrosec.  Pulse  generator  BslO.O  kv^  0.1  mfd^ 
E/Lis28,600  amp/mlcroseco 
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It  Is  possible  that  in  some  of  the  tests  made 
during  this  investigation failure  to  detonate  was  due 
to  an  absence  of  the  ability  to  propagate  through  the 
porous  explosive  mass^  and  not  due  to  a  failure  to 
initiate,.  This  report  covers  some  penetration  into  this 
region  of  difficult  observation,  however,  much  still 
remains  to  be  done  to  explain  fully  the  mechanism  of 
electric  spark^lnltlation  and  build-up  to  detonation, 
especially  within  the  first  0.1  microsec  or  so  after  spark 
formation. 

The  authors  wish  to  thank  James  Schneider  for  his 
excellent,  painstaking  execution  of  most  of  the  experi¬ 
ments  cited  above.  The  assistance  of  James  Counihan  in 
preparing  many  electronic  components  is  gratefully 
acknowledged.  Many  stimulating  discussions  with  S.  J. 
Jacobs,  M.  Solow,  A.  D.  Solera,  I.  Kablk,  H,  Leopold,  and 
V.  Menlchelll  of  this  Laboratory  contributed  a  great  deal 
to  the  success  of  this  work. 

This  research  was  performed  under  the  auspices  of 
the  E.  0.  Lawrence  Radiation  Laboratory  of  the  University 
of  Californiap  and  thus  was  Indirectly  supported  by  the 
Uo  So  Atomic  Energy  Commission. 

Bibliography 

1.  NAVORD  Report  57^6,  "Proceedings  of  the  Gilbert  B.  L. 
Smith  Memorial  Conference  on  Explosive  Sensitivity", 
held  at  NOL  September  l6,  17,  1957. 

2.  Robert  DlPerslo,  "Exploding  Wire  and  Spark  Gap  Control 
Initiator  for  High  Explosives",  BRL  Memorandum  Report 
No.  851,  195^0 

3o  P.  P.  Bowden  and  A.  D.  Yoffe,  "The  Initiation  and 

Growth  of  Explosion  in  Liquids  and  Solids",  Cambridge 
University  Press,  1952. 

4.  P.  P.  Bowden  and  A.  D. .Yoffe,  "Past  Reactions  in 
Solids",  Butterworths  Scientific  Publications,  1958o 

5.  Proceedings  of  the  Royal  Society,  "A  Discussion  on  the 
Initiation  and  Growth  of  Explosion  in  Solids",  (Lead 
by  P.  P.  Bowden),  No.  1245,  Vol.  246,  July  29,  1958. 

60  Beckman  Instruments,  Inc.,  Summary  Report  on  Contract 
NOrd  15894,  March  31,  1957  (Confidential). 

7.  Ho  Leopold,  "Investigation  of  High  Explosive  Con¬ 
ductive  Powder  Mixes  for  Use  in  Insensitive  Electric 
Initiators."  NAVWEPS  Report  6902,  (in  preparation). 


720 


DETONATION  AND  SHOCKS  REVIEl^ 


M.  Wilkins 

Lawrence  Radiation  Laboratory 
Livermore,  California 


This  paper  is  intended  to  review  the  equations  of  state  and 
calculation  techniques  used  by  the  Atomic  Energy  Commission  installa¬ 
tions  for  calculating  high  explosive  detonations.  I  should  like  to 
point  out  that  we  are  first  of  all  Interested  in  calculating  explo¬ 
sively  driven  plate  systems  and  only  include  the  physics  descriptions 
into  the  HE  that  help  us  correctly  describe  what  is  happening  inside 
the  plates  being  driven  by  the  HE.  This  paper  is  divided  into  two 
parts ; 


I.  HE  Equation  of  State 
II.  Calculation  of  Detonations 

Most  of  the  forms  of  the  equation  of  state  and  the  reference  to  arti¬ 
cles  that  will  be  discussed  are  neatly  summarized  in  Dr.  Sigmund 
Jacob's  articles  in  the  American  Rocket  Society  Journal  of  February 
i960,  so  I  will  not  review  in  detail  here. 

part  I 

For  the  past  few  years  the  Lawrence  Radiation  Laboratory  has 
used  the  results  of  R.  Cowan  and  W.  Fickett  work  on  the  Kistiakowsky- 
Wilson  equation  of  state  for  Comp  B  and  cyclotol.  These  results  have 
worked  quite  well  in  calculating  HE  driven  systems.  The  least  square 
fit  that  we  made  to  the  Cowan-Fickett  data  gave  an  effective  gamma 
around  the  C-J  point  of  2.78  for  Comp  B  and  2.85  for  cyclotol.  The 
gammas  changed  to  2.4  and  2.5  respectively  at  expansions  of  about  5 
from  the  C-J  point.  Since  the  results  were  very  much  like  the  gamma 
law  equation  of  state,  in  the  2-dimensional  calculations  of  detona¬ 
tions  we  used  a  constant  gamma  law  equation  as  it  took  less  machine 
time  to  calculate.  Later,  the  work  of  W.  E.  Deal  showed  that  this  was 
a  very  good  description. 

B.  Los  Alamos  Scientific  Laboratory  uses  in  their  detonation 

calculations  the  constant  beta  equation  derived  by  W.  Fickett  and 
W.  W.  Wood  which  uses  the  experimental  results  of  Deal.  The  form 
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looks  like  this? 

p  _  kp 

V  V 

The  adiabats  for  this  equation  are  the  same  as  those  for  a  gamma  law 
equation  o 

Cp  The  British  use  a  forra  some.vhat  like  the  Jones  forms 

w  ==  —  -  A  P®*  a  =  7 

a 


and  was  developed  by  H.  H.  Pike  and  E*  R-  Woodcocko  This  equation 
also  has  gamma  law  adiabats o 

Do  The  French  Atomic  Energy  Commission  group  working  on  explo¬ 

sives  uses  the  Paterson  equation  of  state  with  a  correction  term  for 
long  range  molecular  forces «  The  lack  of  a  description  for  molecular 
interaction  was  one  of  the  objections  to  this  form  raised  by  Cowan  and 
Fickett  in  their  paper  on  the  Kistiakowsky -Wilson  equation  of  state- 
Eo  The  LASL  and  British  forms  give  the  same  adiabats  as  a 

gamma  law  equation  however^  for  the  over  driven  case  or  when  the  HE 
is  shocked  beyond  the  C-J  pointy  the  adiabats  will  start  from  differ¬ 
ent  points  and  will  deliver  less  energy  than  a  simple  gamma  law 
equation-  I  do  not  know  of  any  experimental  data  for  over-driven  HE 
that  could  check  the  calculated  parameters- 

In  1-dimensional  geometry  like  the  following: 


detonate 


30  cm  0-5  cm  =  0-5^5  cm/jj,sec 

eye lot ol  j  A1  after  I5  cm  free  run 


the  calculated  and  experimental  value  of  the  velocity  agreed  to  less 
than  1^0  However^  the  HE  volume  at  the  end  of  the  free  run  has  only 
expanded  to  about  three  times  its  reference  volume ^  so  it  turns  out 
that  as  far  as  calculated  1-dimensional  HE  plate  assemblies  are  con¬ 
cerned  gamma  law  equations  are  very  good  since  the  accelerations  are 
over  before  the  HE  reaches  an  expansion  where  the  gamma  has  changed 
very  much  from  its  value  at  the  C-J  point-  So  this  is  not  a  good  way 
to  examine  the  equation  of  state  for  large  expansions- 

However^  in  calculating  2-dimensional  detonations  where  there 
are  strong  rarefactions  as  for  example  a  slab  of  HE  detonating  along  a 
piece  of  metal,  the  geometry  of  a  lens, 


detonate 


one  is  faced  with  the  problem  of  calculating  the  metal  acceleration 
from  expanded  gases o  For  some  time  we  have  found  that  for  expansion 
of  the  order  of  3  we  must  allow  the  gamma  to  drop  sharply  to  a  low  val¬ 
ue,  like  1«5  in  order  to  correctly  calculate  the  system^  (See  Figure 
on  page  3)  This  was  also  found  to  be  required  to  correctly  calculate 
a  1-dimensional  plate  that  was  accelerated  by  HE  that  had  expanded 
into  a  void  before  driving  the  plate « 


722 


Wilkins 


If  the  HE  W6r6  in  contact-  with  th.6  plate  we  could  correctly  calculate 
its  position  time  history  with  the  e(iuation  of  state  mentioned  before* 
However,  the  void  allows  the  HE  to  expand  to  volumes  three  to  four 
times  the  reference  volume  and  the  calculations  do  not  agree  using  a 
constant  gamma  equation  of  state.  V/hen  an  equation  of  state,  with  a 
variable  7  was  used  we  were  able  to  get,  once  again,  very  close 
agreement  with  the  experiment. 


The  French  are  doing  some  HE  work  with  RDX  where  the 
effective  7  changes  sharply  from  5  about  1.?  at  expansions  of  5 
(Memorial  des  Poudre  1959;  Tome  XLl) ,  the  reference  applies  to  TNT, 
however  the  authors  informed  me  they  got  similar  results  with  RDX. 

A  reasonable  assumption  is  that  more  energy  is  being  released  in  the 
cooler  gases  behind  the  C-J  point.  This  could  account  for  why  the 
experiment  and  calculation  agree  when  the  7  is  allowed  to  change. 


A.  The  Lawrence  Radiation  Laboratory  uses  the  "q"  method  of 

Von  Neumann  and  Richtmeyer  to  calculate  hydrodynamic  problems  on  the 
high  speed  computer.  The  method  is  used  in  1-dimensional  and  2- 
dimensional  hydro  problems  in  both  Lagrange  and  Euler ian  coordinates. 

To  calculate  a  detonation  we  introduce  a  parameter  f  which 
multiplies  the  pressure. 


dt 


dV 

dt 


in  difference  form  this  becomes: 

P  =  1 

as  V  goes  from  1— 

f  goes  from  0—^1  and  is  set  equal  to  one  from  then  on. 

This  allows  us  to  get  from  the  unburned  state,  with  the 
relative  volume  equal  to  one  and  the  energy  in  the  material  equal  to 
the  available  chemical  energy,  to  the  C-J  point. 
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The  HE  will  burn  over  the  same  number  of  zones  that  the 
"q"  is  acting  on  (about  3”^  zones)  <> 

The  method  also  works  in  the  over-driven  case. 

Several  years  ago  we  used  the  method  of  characteristics  to 
burn  HE^  but  the  burn  fraction  method  is  much  simpler  and  can  give 
just  as  good  results o 

The  burn  fraction  method  also  works  in  Eulerian  coordinates. 

Where : 

i( _ I  =  c)(  )  +  u  ) 

dt  ^  t 

B.  LASL  uses  a  sharp  shock  method  to  burn  HE  in  1-D.  This 
gives  a  sharper  burn  front  than  the  burn  fraction  method  can  give. 

C.  The  British  have  been  using  the  method  of  characteristics 
to  solve  hydrodynamic  problems  and  burning  HE  doesn't  complicate  the 
problem  any  more  than  it  already  is^  They  also  use  the  Von  Neumann 
"q"  method  together  with  the  burn  fraction  routine. 

D.  The  French  also  use  the  method  of  characteristics  to  solve 
their  hydro  problems.  They  are  just  starting  to  use  the  "q"  method. 

E.  Even  though  the  "q"  method  has  been  in  the  literature  for  a 
number  of  years,  people  haven't  appreciated  how  well  it  works  for 
shock  hydrodynamics  and  have  tended  to  adopt  the  method  of  character¬ 
istics  instead.  The  method  of  characteristics  is  inherently  more 
accurate,  but  it  is  also  very  complicated  when  there  are  several 
shocks  in  a  problem. 

As  yet  I  do  not  know  of  a  2-D  characteristic  routine  that 
can  readily  solve  time  dependent  shock  hydrodynamic  problems.  The 
problem  is  being  worked  on  in  Germany,  Switzerland  and  England. 
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DETONATION  PERFORMANCE  CALCULATIONS  USING 
THE  KISPIAKOWSKY-WILSON  EQUATION  OF  STATE* 


C®  Le  Mader 

Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 


ABSTRACT 

During  the  last  three  years  the  Kistiakowsky-Wilson 
equation  of  state  as  modified  by  Cowan  and  Fickett  has  been  used  to 
estimate  the  detonation  performance  of  explosives  composed  of  various 
combinations  of  the  elements  carbon,  hydrogen,  nitrogen,  boron,  alumi¬ 
num,  oxygen,  and  fluorine®  A  comparison  of  the  computed  performance 
with  the  available  detonation  velocity,  Chapman-Jouget  pressure,  and 
brightness  temperature  data  has  been  made®  Over  a  wide  range  of 
density  and  composition  the  computed  and  experimental  perfoimance  have 
agreed  to  within  20^,  The  KW  equation  of  state  suggests  an  interest¬ 
ing  thooa^  not  thoroughly  verified  model  of  the  inter-relationships 
between  temperature,  pressure,  and  the  particle  density  of  the  CJ 
products  for  explosive  systems® 


EKW  CALCULATIONS 

The  theoretical  estimation  of  the  detonation  parameters  is 
based  on  the  Kistiakowsky-Nilson  equation  of  state  as  modified  by 
Cowan  and  Fickett  (9)®  To  make  the  calculations  as  unbiased  as  possi¬ 
ble  in  predicting  the  effect  of  various  combinations  of  elements,  the 
Cowan  and  Fickett  treatment  was  taken  xmchanged  as  the  staorting  point, 
and  the  new  product  species  were  incorporated  in  it  without  ad.dlng 
any  adjustable  parameters®  This  was  done  by  using  geometrical 
covolumes  for  the  new  species  and  the  same  covolume  scaling  factor 
as  was  used  by  Cowan  and  Fickett  for  all  the  products  except  the 
carbon-fluorine  products®  The  704  code  was  written,  with  Fickett 's 
assistance,  so  that  it  would  handle  mixtures  containing  up  to  five 
elements  and  fifteen  components,  one  of  -vdilch  may  be  solid  carbon  or 
solid  (tincompressed)  aluminum  oxide®  This  generalized  version  of 

Cowan  and  Fickett »s  technique  is  called  the  BKV  calculation® _ 

*This  work  was  performed  tinder  the  auspices  of  the  U®  S®  Atomic 
Energy  Commission® 
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The  BKW  calciilation  computes  the  equilibrium  composition  of 
the  explosion  products  at  temperatures  and  pressures  of  interest^  the 
detonation  Hugoniotp  and  the  values  of  the  hydrodynamic  and  the3miO“ 
dynamic  variables  at  the  C-J  point*  The  isentrope  of  the  reaction 
products  also  can  be  obtained  in  either  the  pres sure- volume  or  the 
pressure^particle  velocity  plane*  As  input  data  the  calcination 
requires^  for  the  explosivep  its  elemental  compositionj,  heat  of  fomna- 
tion^  density^  and  molecular  vei^tj  and  for  the  explosion  products, 
their  elemental  compositions,  heats  of  formation,  covolumes,  and  cubic 
fits  of  their  ideal  gas  free  energies,  enthalpies,  and  entropy  values 
as  a  function  of  temperature*  The  thermodynamic  data  used  was  taken 
from  references  13  and  30®  Tbe  covolumes  used  are  given  in  Table  I« 
The  constants  used  in  the  K-W  equation  of  state  are  0  =  itOO,  alpha  = 
0o5#  beta  =  0*09,  and  K  =  llo85o 

The  C-J  state  was  computed  by  an  iteration  procedure  which 
was  terminated  when  the  convergence  error  in  temperattire  was  less  than 
+10“Co  The  corresponding  convergence  errors  in  P  and  D  are  not  the 
same  for  all  systems,  but  are  of  the  order  of  +5  kilobars  and  +25 
meters/ second,  respectively* 


EXPERIMENTAL  PERFORMANCE  MEASUREMENTS 


The  methods  used  at  Los  Alamos  to  measure  the  C-J  pressure 
and  detonation  velocity  of  an  explosive  have  been  described  previ¬ 
ously  in  the  open  literature  and  are  adequately  referenced  in  Table  II* 
The  brightness  measurements  of  W*  C,  Davis  of  this  Laboratory  will  be 
published  some  time  in  the  future*  The  temperatiures  reported  are 
those  of  a  black  body  of  equivalent  photographic  brightness,  probably 
with  relative  accuracy  of  50°K,  since  each  shot  has  a  nitromethane 
internal  standard,  and  absolute  accuracy  of  about  200 “K*  The  rela¬ 
tionship  between  these  numbers  and  the  actual  detonation  temperature 
is  not  known*  Since  the  agreement  between  Davis’s  temperatures  and 
those  of  other  investigators  for  void-free  systems  is  rather  good,  we 
shall  assume,  as  previous  investigators  have,  that  the  temperatures 
we  are  measuring  are  the  C-J  temperatures* 

The  estimated  errors  given  in  Table  II  for  some  of  the 
pressure  and  velocity  meastirements  are  considerably  larger  than  nor¬ 
mally  associated  with  the  techniques  used*  The  acctiracy  of  the 
re  stilts  suffered  primarily  as  a  re  stilt  of  the  necessity  to  design  the 
shot  setup  in  such  a  way  as  to  use  a  minimum  amount  of  material  and 
the  necessity  of  preparing  and  loading  the  hazardous  mixtures  by 
remote  control* 

CHNO  Systems 

Cowan  and  Pickett’s  version  of  the  Kistiakowsky-Wilson 
equation  of  state  was  calibrated  for  RDX,  Cyclotol,  Composition  B,  and 
TNT*  They  obtained  their  poorest  agreement  for  TNT* 
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Table  I 

Covolumes  Used  in  BKW  Calculations 


Specie 

Covolume 

Specie 

Covolume 

730 

C 

180 

HBOg 

1270 

1740 

BO 

610 

m 

386 

674 

N 

l48 

B 

215 

BN 

619 

BH 

533 

NH3 

476 

BF3 

800 

CH4 

528 

BF 

685 

AlgO^ 

1350 

F 

108 

AI2O2 

1800 

^2 

387 

AlgO 

1300 

HF 

389 

AlO 

1160 

CO2 

670 

AlH 

948 

CO 

390 

A1 

350 

H^O 

360 

CFj^ 

1330 

OH 

413 

CF3 

1330 

«2 

180 

CFg 

1330 

^2 

350 

CEP3 

1920 

0 

120 

CH^F. 

1330 

H 

760 

CH3F 

1920 

^2 

380 

CFgO 

1330 

CoVolttme 

=3  10.46  V.  where  V. 

i  1 

o3 

has  the  dimensions  A  . 
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Table  II 
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Systems  6,  'J,  8,  and  9  show  the  effect  of  changes  in  oxygen 
balance o  The  C-J  pressures  and  velocities  of  the  COg  balanced  system 
compared  to  the  CO  balanced  system  is  disappointing  '^if  one  considers 
the  heats  of  explosion  and  simple  gamma  law  predictions o  If  one 
assumes  that  the  detonation  velocity  increases  with  density  at  about 
3,000  meters/second/gram/cco  then  the  velocity  difference  between  the 
CO  and  the  COg  balanced  systems  may  be  attributed  entirely  to  the 
difference  in^density.  The  temperature  increases  as  the  amoxint  of  COg 
increases  \mtil  an  excess  of  oxygen  is  present  and  then  the  tempera- 
txrre  decrease So  The  observed  C-J  performance  may  be  explained  by  the 
lower  particle  density  at  the  C-J  state  for  systems  producing  COg 
Instead  of  CO®  The  extra  energy  present  in  such  a  system  is  primrily 
thermal  energy  rather  than  intermolecular  potential  energy®  Thus  the 
temperatvire  would  be  expected  to  increase  as  the  amount  of  COg  formed 
was  increased  and  the  pressure  and  velocity  remain  relatively 
unchanged® 


BCHNOF  Systems 

Systems  19,  20,  and  21  are  homogeneous  systems  which  pro¬ 
duce  BgO„  and  BF_  as  detonation  products®  Although  the  heats  of 
explosion  are  almost  twice  that  of  conventional  CHNO  explosives,  the 
observed  C-J  pressures  and  velocities  are  not  as  high  as  those  of  the 
better  CHNO  explosives  at  the  same  densities®  A  possible  explanation 
for  the  poor  C-J  pressures  and  velocities  of  the  boron  explosives 
relative  to  the  CHNO  explosives  can  be  proposed  on  the  basis  of  these 
calctilations  ®  Because  the  product  moleciiles  BgO_  and  BF-  are  complex, 
the  particle  density  at  the  C-J  point  is  lower^  ■^than  for  systems  con¬ 
taining  the  product  molecules  CO,  COp,  H^O,  and  Np®  Thus  the  energy 
is  partitioned  Tonfavorably  with  the  intemolecular  potential  energy 
low  and  the  thermal  energy  high®  At  C-J  densities  the  intermolecular 
potential  energy  is  the  primary  pressure-determining  part  of  the 
energyj  thus  the  C-J  pressures  of  the  boron  explosives  are  low  and 
the  C-J  temperatures  sire  high®  We  have  no  reason  to  doubt  that  the 
heats  of  explosion  of  these  mixtures  are  high,  and  the  possibility 
remains  that  they  would  perform  well  in  applications  which  rely  impor¬ 
tantly  on  the  equilibrittm  expansion  of  the  detonation  products® 


CHNOAl  Systems 

Systems  17  and  l8  are  nonhomogeneous  systems,  but  the  C-J 
pressures  and  velocities  may  be  explained  by  assimiing  that  the  HE/a1 
behaves  as  if  it  is  a  homogeneous  explosive  and  the  product  molecule 
AlpO-  is  formed  as  an  equilibrium  C-J  product®  Again  the  computed 
ana  experimental  C-J  presstires  and  velocities  are  lower  than  one  might 
expect  from  heat  of  explosion  considerations  because  of  the  low  parti¬ 
cle  density  of  the  detonation  products®  One  expects  that  the  C-J 
temperature  would  be  hi^  and  that  HE/a1  systems  would  perform  well  in 
applications  which  rely  on  the  equilibrium  expansion  of  the  detonation 
products® 

CHNOF  Systems 

Systems  l4,  15,  and  l6  show  the  computed  and  experimental 
C-J  pressures  and  velocities  of  systems  containing  fluorine® 
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Althcjugh.  the  most  desirable  CHNOF  system  vould  have  the  fluorine 
attached  to  the  molecvile  by  means  of  an  N-F  bond  rather  than  a  C-F 
bond,  the  C-J  pressures  and  velocities  of  the  available  systems  are 
instructive.  The  calculated  C-J  pressures  and  velocities  of  the 
CHNOF  systems  are  very  sensitive  to  the  HP,  carbon,  CFj^^  equilibri\m. 
If  one  does  not  consider  the  CF,  CHF  and  COF  species,  BKW  calcula¬ 
tions  predict  presstires  and  velocities  that  are  higher  than  experi¬ 
mentally  observed.  If  one  Includes  CFj^,  the  calculated  pressures  and 
velocities  are  somevhat  lower  than  eijqjerimentally  observed.  The 
covolumes  of  the  CF,  CHF,  and  COF  species  were  increased  by  a  factor 
of  1.6  so  as  to  cause  a  sli^t  shift  in  the  HF,  carbon,  CFj^  equilib¬ 
rium  and  better  agreement  between  experimental  and  calculated  C-J 
pressvires  and  velocities.  This  empirical  observation  may  be  of  some 
value  to  anyone  wishing  to  use  the  BKW  technique  for  predicting  the 
possible  C-J  performance  of  some  other  CHNOF  explosive. 

CHNOF  explosives  appear  to  form  products  that  are  energy¬ 
releasing  species  such  as  HF  and  CFi^.  CF^  is  less  desirable  than  HF 
because  of  its  large  molecular  weight  and  hence  deterious  effect  on 
the  pasrticle  density,  resulting  in  the  energy  being  partitioned  so  as 
to  give  higher  temperatures  and  lower  pressures. 


agp^ient  betvp^-n  exherH'Iental  and  calculated  performance  parameters 

For  the  systems  reported  the  BKW  technique  predicts  the 
C-J  pressure  anH  temperature  to  within  20^  and  the  detonation  velocity 
to  within  lO/o  of  the  observed  values.  The  agreement  is  generally 
poorer  at  lower  densities.  One  cannot  expect  the  BKW  technique  to 
predict  the  C-J  perfoimance  of  systems  that  may  deviate  from  equilib¬ 
rium.  The  BKW  technique  fails  for  nonhomogeneous  systems  loaded  with 
large  amovtnts  of  inert  metals  and  for  systems  that  depend  primarily 
upon  the  precipitation  of  a  solid  as  the  energy  releasing  mechanism. 


CONCLUSIONS 

The  C-J  performance  of  an  explosive  is  apparently  a  very 
sensitive  function  of  the  C-J  particle  density.  Thus,  if  one  desires 
an  explosive  with  a  high  C-J  presstire  and  velocity,  he  should  try  to 
maximize  the  number  of  molecules  of  detonation  gas  products  per  gram 
of  explosive  as  well  as  the  density  and  the  specific  energy. 
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EI5ERGY  EELEASE  FROM  CHEMICAL  SYSTEMS 


John  Kuiy^  Gus  Doroiigh^  Robert  E.  Sharpies 
Lawrence  Radiation  Laboratory 
Live  rmo re^  Calif o  rnia 


lo  lETRODUCTIOE 

The  "energy  release"  of  a  detonating  high  explosive  has 
been  defined  in  a  number  of  ways«  Many  of  the  definitions^  however^ 
are  not  useful  for  the  general  understanding  and  prediction  of 
explosive  performance.  Energy  release  as  defined  by  such  traditional 
tests  as  the  Trauzl  block  test  or  the  sand  test  falls  in. this 
categoryo  Even  the  widely  used  fundamental  def inition^^'  which 
expresses  energy  release  in  terms  of  the  internal  energy  change 
(aE)  of  the  reaction^ 


products  in  equilibrium 

High  explosive  - ■>  at  the  Chapman-* Jouguet 

point_, 

is  not  completely  applicable ^  This  is  because  the  definition  can 
take  no  cognizance  of  compositional  changes  (and  thus  energy  changes) 
which  can  occur  in  the  post  Chapman- Jouguet  (C-j)  states. 

The  definition  of  energy  release  which  we  find  most  useful* 
for  performance  predictions  is  in  terms  of  an  adiabat  relating 
pressure  (P)  to  the  volume  (?)  of  the  detonation  products.  The 
energy  release  is  then  explicitly  defined  as  the  Jpiv  or  the  area 
under  the  applicable  portion  of  the  PV  curve  <,  It  is  not  necessary 
that  a  single  adiabat  represent  the  post  C-J  behavior  of  a  given 
explosive.  This  will  depend  on  the  kinetics  of  the  chemical 
reactions  occurring  after  the  C-J  state.  If  there  are  no  composi¬ 
tional  changes^  or  if  the  changes  occur  in  times  shorter  than  a  few 


*This  definition  is  not  general  for  every  application^  for  it 
excludes  energy  transfer  by  mechanisms  other  than  PV  work  (heat 
conduction^  etc . ) 
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tenths  of  a  then  for  all  practical  purposes  there  Is  but  one 

adiabat.  If^  however,  compositional  changes  take  place  more  slowly, 
a  family  of  adiabats  results  with  time  as  a  parameter.  In  this  case 
the  energy  release  will  not  be  single— valued,  but  will  exhibit  a 
range  of  values  dependent  upon  the  time  of  expansion  of  the  detonation 

products . 

■Where  experimental  information  is  insufficient  to  define 
the  adiabat,  or  family  of  adiabats,  representative  of  the  energy 
release  of  a  system,  it  may  still  be  possible  to  define  minimum  and 
maximum  limits  of  the  energy  release .  The  true  energy  release  is 
then  known  to  be  bracketed,  at  least,  between  these  two  extremes. 

An  approximation  of  the  minimum  energy  release  can  be 
obtained  in  the  following  way.  First  a  value  for  r  is  calculated* 
from  the  Chapman-Jouguet  pressure  (Pcj)/  the  detonation  velocity  (d), 
the  loading  density  (fQ)^  and  the  assumption  that  PV-  =  a  constant  is 
descriptive  of  the  behavior  of  the  detonation  products.  This  which 
we  shall  term  the  Chapman-Jouguet  gamma  (CJG),  then  defines  an  adiabat 
which  can  be  integrated  for  energy  release  over  the  appropriate 
pressure— volume  change.  The  integration  cannot  realistically  be 
taken  to  pressures  below  about  a  kilobar  because  the  value  of  CJG  is 
invariably  too  high  in  the  low  pressure  range  (thus  predicting  too 
low  an  energy) .  The  main  justification  that  the  CJG  adiabat 
represents  a  minimum  in  energy  release  is  that  experimentally 
measured  adialsats  (which  have  been  obtained  from  impedance  matching 
experiments(2)with  a  time  scale  of  a  few  tenths  of  a  microsecond) 
have  given  values  of  r  equal  to  or  slightly  less  than  CJG.  Such 
experiments  allow  minimum  time  for  energy  release  due  to  post  0-J 
compositional  changes. 

The  maximum  energy  release  can  be  obtained  from  a  simple 
thermo- chemical  calculation  (see  Section  II).  To  e:^ress  this 
mflY-iTTmtn  energy  in  the  form  of  an  adiabat,  we  calculate*  an  average  y 
from  the  energy,  P(y,  ffy  aJid  PV*  «  constant.  We  call  this  y  a 
maximum  energy  gamma  (MEG)  ,  The  MEG,  like  the  CJG,  is  also  invariably 
too  high  in  the  lower  pressure  ranges .  Being  an  average,  however,  it 
must  be  low  in  the  high  pressure  ranges  and  will  therefore  tend  to 
predict  too  high  an  energy  release. 

In  the  remainder  of  -Uils  paper  we  will  discuss  the  cal¬ 
culated  maximum  and  minimum  limits  of  energy  release  for  a  variety 
of  systems  (Section  II),  and  describe  some  methods  useful  for 
measuring  energy  release  (Section  III). 


*See  ;^pendlx  I  for  appropriate  equations. 

**We  xxse  y  in  this  paper  to  mean  the  slope  of  an  adiabat  for  the 
detonation  products  in  the  In  P- In  V  plane. 
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II.  CALOTLMED  MINIMUM  AND  MAXIMUM  ADIABAK 
FOR  SOME  NEW  SYBIEMS 

One  of  the  objectives  of  explosives  research  is  to  find 
new  materials  which  are  better  sources  of  chemical  energy  than  those 
currently  available «  Since  most  explosive  systems  can  be  considered 
simply  in  terms  of  Internal  oxidation- reduction  reactions^  the  search 
for  new  materials  is  reduced  in  part  to  a  search  for  new  oxidizing 
and  reducing  elemental  combinations*.  That  the  search  cannot  be  con¬ 
fined  to  just  such  groupings^  however^  is  illustrated  by  system  E 
described  below o  This  system^  containing  only  the  elements  boron^ 
nitrogen  and  hydrogen^  is  devoid  of  any  oxidizing  groups « 

In  Table  I  we  have  listed  examples*  of  the  most  promising 
chemical  explosive  systems  currently  known^  together  with  their 
thermochemical  properties  and  probable  maximum  densities  ^  RD^  one 
of  the  better  organic  explosives^  is  also  included  in  the  table  as  a 
convenient  reference  materials  System  A  is  representative  of  what 
might  be  nearly  the  ultimate  in  organic  explosives o  The  density  and 
composition  chosen  are  baaed  on  known  materials  (a  C02-balanced 
mixture  of  bis-trinitroethylnitramine  (BTNSN)  and  diacetylene) 

System  B  is  representative  of  what  one  might  expect  from  organic 
explosives  containing  the  NF2  grouping  in  place  of  the  traditional 
nitro  group*.  Systems  C  and  D  are  boron  analogs  of  the  carbon  systems 
A  and  B^  The  compositions  chosen  for  C  and  D  are  not  pure  nitro  and 
difluoroamino  boranes^  however^  because  some  carbon  would  likely  be  a 
necessary  component  of  such  materials*,  System  E  is  the  unusual 
formulation  without  oxidizing  groups*,  It  relies  upon  the  formation 
of  boron  nitride  for  energy  release^  and  hydrogen  gas  as  the  medium 
for  PV  worko  Because  of  the  large  hydrogen  content  of  System  the 
maximum  estimated  density  is  low*  The  fina;i  system  tabulated^,  F^,  is 
an  extreme  example  of  what  might  be  possible  in  aluminized  systems « 
The  composition  and  density  are  based  on  a  BTNEN-Al  mixture « 

We  should  restate  that  synthetic  chemistry  cannot  provide 
these  compositions  at  the  present  time;  the  systems  cited  are  merely 
best  estimates  of  what  could  probably  be  achieved  in  the  synthetic 
linCo  In  terms  of  maximum  possible  specific  energy^  all  the  systems 
in  the  table  are  superior  to  RDXo  Whether  such  systems;,  if 
synthesized^  would  indeed  deliver  these  energies  is  of  course  not 
Q-  priori^  However;,  by  the  calculation  of  GJG  and  MEG 
adiabats^  we  can  bracket  the  energy  release*,  This  has  been  donej  the 
data  is  collected  in  Table  II «, 

As  discussed  before;,  the  calculation  of  MEG  req[uires  a 
knowledge  of  the  Chapman- Jouguet  pressure j  for  CJG  the  detonation 
velocity  must  also  be  known  (see  Appendix  l)o  Since  none  of  these 
values  have  been  measured^  we  have  relied  on  BKW  (3)  calculational 


*These  examples  may  also  be  taken  as  representative  of  promising 
lithium^,  beryllium^  and  magnesium  containing  systems*, 
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results*  for  these  two  quantities.  That  this  is  appropriate  is  hase 
on  the  fact  that  for  a  variety  of  explosives  (including  boron  ones^ 
see  Section  III)  where  measurements  are  available^  the  BKW  calcula¬ 
tions  have  agreed  well  with  experiment(3) . 

By  combining  the  data  in  Table  II  with  hydrodynamic 
calculations,  we  can  assay  the  possible  performance  of  these  explosive 
systems  in  various  short-time  applications.  As  an  example,  we  have 
done  this  for  the  case  of  metal  plate  acceleration^  using  the  cal- 
culatlonal  code  KO*^  (based  on  the  methods  of  von  Neumann  and 
Richtmeyer  (1^))  and  a  simple  geometry  of  the  type  discussed  in 
Section  III,  We  find  the  results  shown  in  Table  III.  We  see  that 


System 

Table  III 

Metal  Velocity 
Calculated  Using  CJG 
(Relative  to  RDX)*** 

Metal  Veloc 
Calculated  Us: 
(Relative  to 

A 

1.17 

1.25 

B 

1.10 

1.23 

C 

0.94 

1.10 

D 

0.98 

1.20 

E 

Oo95 

1.10 

F 

0.98 

1.32 

if  the  CJG  defines  the  behavior  of  the  detonation  products,  none  of 
the  boron  or  aJxunlnum  systems  are  superior  to  EDX.  If,  however,  the 
MEG  defines  the  behavior  of  the  detonation  products,  all  of  the 
systems  are  superior  to  EDX.  These  calculations  thus  provide  a  good 
indication  of  the  possible  performance  range  of  the  systems  of 
Table  I  in  metal  acceleration  applications  (fragmentation,  shaped 
charge  effects,  nuclear  weapons,  etc.). 

For  long-time  applications  (air  blast  and  underwater 
effects,  etc.)  the  total  energy  release  is  the  determining  factor. 

The  numbers  given  in  Table  I  represent  the  maximum  values  of  this 
energy.  These  values  do  not  differ  appreciably  from  those  of 
numerous  aluminized  organic  expilosives  that  have  been  in  military 
use  for  some  time.  We  therefore  cannot  expect  the  systems  of  Table  I 
to  offer  much  improvement  in  "long-time"  applications. 


*These  results  were  kindly  supplied  by  Mr .  Charles  Mader  of  the 
Los  Alamos  Scientific  Laboratory. 

**Reference  4  is  the  basis  of  an  IBM  70^  code  (KO)  used  in  all 
the  calculations  reported  in  this  paper. 

***Values  in  table  equal  velocity  calculated  for  the  system 
divided  by  velocity  calciaated  for  RDX, 
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III.  EXPERBCTTAL  EVALUATION  OF 
ENERGY  RELEASE 


One  nev  high  energy  system  that  has  been  investigated 
experimentally  is  a  homogeneous  solution  of  ethyldecahorane  in 
tetranitromethane  (ET)^  This  is  an  example  of  System  C  although 
its  density  (lAO  g/cc)  is  lower  than  the  probable  maximum  density 
of  such  a  system o  The  elementary  composition  of  this  solution  is 
BioC^  Y5%8®15^30  ^  mole  ratio  of  ethyldecahorane  to  tetra« 

nitromethane  of  1:3^75)  •  ET  is  an  extremely  sensitive  mixture. 

What  follows  in  this  section  is  a  discussion  of  the 
experimental  work  planned  and  completed  for  ET  and  similar  explosives. 
This  discussion  serves  to  describe  the  experiments  necessary  to  define 
the  energy  release  of  new  systems  in  general. 


The  detonation  velocity  and  the  Chapman- Joi:iguet  pressure 
have  been  measured  for  ET  at  the  Los  Alamos  Scientific  Laboratory(3) , 
Isentrope  measurements  have  also  been  performed  at  Los  Alamos  for  a 
"Hi-cal”  -  tetranitromethane  system  almost  identical  in  composition 
to  ETv3;>5J  This  isentrope  was  measured  using  an  impedance  matching 
technique in  which  the  C-J  products  are  very  rapidly  expanded. 

The  results  of  the  impedance  experiments  agree  with  the  CJG  equation 
of  state.  Table  IV  summarizes  the  Los  Alamos  experimental  data  on  ET 


Table  IV 


Explosive 

Dens ity 
(gm/cc) 

Detonation 

Velocity 

(mm/5usec) 

(kbars) 

Calc. 

CJG 

ET 

( e  thylde c  ab  orane- 
tetranitromethane ) 

l.lj-O 

6.74 

172 

2.70 

Comp  B 

(64^  36^  TNT) 

1.71 

7.99 

290 

2.77 

PBX  9404 

(94^  6^  plastic 

binder) 

1.84 

8.72 

3^7 

3.03 

along  with  similar  values  for  PBX  9404^^^  and  Composition  B^^^.  The 
results  of  Impedance  matching  experiments  agree  with  the  CJG  equation 
of  state  for  these  materials  also. 


Another  type  of  experiment  which  has  been  performed  on  ET 
is  the  "small  scale  plate  test"(7)„  This  test  employs  a  configuration 
shown  schematically  in  Fig.  1.  It  consists  simply  of  a  heavily 
confined  column  of  with  a  detonator  and  booster  at  one  end^  and 
a  metal  plate  at  the  other.  The  length  of  the  column  is  such  that 
the  results  are  independent  of  the  detonator  system.  The  test  is  run 
in  a  carefully  standardized  way  with  a  constant  volume  of  test 
explosive j  the  measurement  consists  of  determining  the  final  plate 
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velocity  by  optical  techniques «  The  plate  is  -under  acceleration  for 
a  time  period  of  2  to  4  ^eCo  Some  final  plate  velocities  obtained 
in  the  small  scale  plate  test  are  presented  in  Table  V* 


Table  V 


Explosive 

Density 

(gm/ccl 

Experimental 
Plate  Velocity 
(mm^isec) 

Calculated  Plate 
Velocity  Using 
9404  for  Normal¬ 
ization  and  (XTG 
Equation  of  State 
(mmy^sec) 

ET 

1.40 

1,12 

0,89 

Comp  B 

1,70 

1.09 

1.10 

LASL  9404 

1,82 

1.17 

1.17 

We  have  conducted  one*» dimensional  hydrodynamic  calculations 
(employing  KO)  on  the  small  scale  plate  test  configuration  using  the 
CJG  equations  of  state ^  The  calculated  final  plate  velocities  are 
also  presented  in  Table  V  (normalized  to  PBX  9404)*-  The  agreement 
bet-ween  the  experimental  and  calculated  normalized  velocity  for 
Comp  B  is  very  goodo  The  discrepancy  between  the  calculated  and 
experimental  values  for  the  boron  explosive,  however^  suggests  that 
in  the  small  scale  plate  test  a  higher  energy  release  is  obtained 
than  the  CJG  equation  of  state  would  predict . 


A  way  of  reconciling  this  discrepancy  is  to  assume  that 
the  energy  release  of  the  boron  explosive^  unlike  that  of  Comp  B  and 
PBX  9404^  is  markedly  time  dependent «  Experiments  more  readily 
interpretable  than  the  small  scale  pla^e  test^,  however^  are  required 
to  verify  this  assximption„  We  have  started  such  e:xpieriments^  but 
they  are  not  complete  at  the  time  of  writing  of  this  article*  We 
report  here  only  what  these  experiments  are^  and  what  information  we 
hope  to  gain  from  them* 


The  largest  of  the  e:xperlments  is  known  as  the  "flat-plate 
test"c  The  configuration  employed  is  shown  in 'Fig*  2,  Pin 
techniques (®)  are  used  to  measure  final  plate  velocity.  For  lar-ge 
scale  testing  of  highly  sensitive^  expensive  systems^  the  flat  plate 
test  has  advantages  over  end-on  tests  in  that  lens  and  edge  effects 
may  be  eliminated  without  using  large  amounts  of  explosive*  The  flat 
plate  test  also  tends  to  accentuate  the  importance  of  the  lower 
pressure  regions  of  the  adiabat*  The  plate  is  under  acceleration 
for  a  longer  period  (the  range  is  some  2-20  |isec)  in  this  test  com¬ 
pared  to  the  small  scale  plate  test*  To  illustrate  how  sensitive 
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final  plate  velocity  should  he  to  changes  in  the  equation  of  state  of 
the  detonation  products^  hydrodynamic  calculations  have  been  made 
using  the  three  different  types  of  flat  plate  configurations  and  the 
CyG  and  MEG*  equa,tions  of  state  for  the  ET  system.  The  results  are 
presented  in  Table  VI. 

Table  VI 

Final  Plate  Velocity  Final  Plate  Velocity 
Calculated  for  ET  Calculated  for  ET 

Using  CJG  Equation  Using  MEG  Equation 


Flat  Plate  Test  of  State  of  State 


Another  test  which  shows  considerable  promise  for  exploring 
time-dependent  adiabats  with  small  amounts  of  explosive  is  the 
"cylinder  test"  depicted  in  Fig .  3''  KO-calculated  final  wall 

velocities  for  ET  in  two  configurations  of  the  cylinder  test  are 
presented  in  Table  VII.  These  values  were  again  calculated  using 

Table  VII 


Cylinder 
Configuration 

1 

2 

both  the  CJG  and  MEG  equations  of  state. 

An  entirely  different  type  of  energy  measurement  is  offered 
by  the  calorimeter.  This  test  measures  directly  the  total  energy 
change  involved  in  the  overall  reaction: 

high  explosive - >  C-J  products  - >  products  found  in  bomb 

(at  298°K  and  1  atm)  (at  298°K  and  several  atm) 

One  does  not  necessarily  obtain  a  unique  energy  release  by  this 
method  since  charge  diameter  and  extent  of  confinement  influence 
the  composition  of  the  final  products.  The  maximum  possible  energy 


*The  value  of  y  calculated  from  the  maximum  thermochemical  AE 
is  1,58. 


Final  Wall  Velocity  Calcu¬ 
lated  for  ET  Using  CJG 
Equation  of  State 


Final  Wall  Velocity  Cal¬ 
culated  for  ET  Using 
MEG  Equation  of  State 
(mm/usec) 
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release,  therefore,  has  to  be  determined  by  measuring  the  heat  of 
detonation  as  a  function  of  charge  diameter  and  extrapolating  to 
infinite  diameter. 

A  small-scale  detonation  calorimeter  has  been  constructed 
at  LRL,  and  a  larger  one  is  in  the  planning  stage.  The  heats  of 
detonation,  obtained  for  several  reference  explosives  (both  con¬ 
fined  \inconfined)  using  the  small  calorimeter  are  presented  in 
Table  VIII.  (Ttie  Q's  given  are  for  water  liquid.) 

Table  VIII 

Confined  Unconfined 


Explosive 

Weight  of  Heat  of 
Charge  Detonation 

(g)  (kcal/g) 

Weight  of 
Charge 
(g) 

Heat  of 
Detonation 
(kcal/g) 

PETN 

Density  =  1.73  g/cc 

4.551 

4.598 

Avg. 

1.473 

1.497 

1.49 

0.982 

2.893 

4.638 

Avg. 

1.467 

1.508 

1.507 

.  1.49 

PBX  9404 

1.800 

1.295 

Density  =  1,80  g/cc 

3.601 

1.388 

3.597 

1.280 

0 

1 

1 

1 

1.39 

Avg, 

.  1.29 

Composition  B 

4.032 

1.213 

1.764 

0.976 

Density  =  1,69  g/cc 

4,046 

1.225 

4.038 

0.968 

Avg, 

1.22 

Avg. 

.  0.97 

0.870 

0.903 

0.871 

0.928 

Tetryl 

4.372 

1.139 

2.603 

0.916 

Density  =  1,69  g/cc 

4.376 

1.141 

2.608 

0.917 

Avg, 

1.14 

4.340 

0.908 

4.356 

0.919 

4.357 

0.951 

4.363 

0.911 

4.374 

0.924 

Avg. 

0.92 

The  fact  that  the  heat  of  detonation  of  PETN  is  the  same 
confined  and  unconfined,  even  in  the  small  diameter  used,  sijggests 
that  1.49  kcal/gm  is  its  maximum  possible  energy  release.  The  values 
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for  the  other  explosives,  however,  show  a  marked  dependence  of  energy 
release  on  confinement. 

The  various  experiments  described  above  run  the  gamut  of 
time  dependence  for  energy  release.  To  illustrate  this,  we  have 
plotted  in  Fig.  k  the  average  internal  energy  of  the  detonation 
products  of  ET  versus  time.  The  values  for  the  flat  plate  and 
cylinder  tests  are  calculated  from  KO  using  the  CJG  equation  of 
state;  the  values  for  the  impedance  matching  and  calorimetry  experi¬ 
ments  are  estimated.  We  plan  to  use  this  entire  set  of  tests  to 
explore  the  system*,  BxC2o-x%8^200i|.o  •  This  system  is  a  homogeneous 
mixture  of  tetranitrome thane,  tetralin,  and  a  derivative  of  deca- 
borane.  The  boron  content  can  be  varied  from  x  =  0  to  x  =  10  without 
changing  the  density  or  heat  of  formation  of  the  mixture.  The 
calculated  maximum  energy  release,  however,  changes  from  1.6  to  2.4 
kcal/gm  x  goes  from  0  to  10.  We  fully  expect  that  these  new 
results  will  establish  clearly  whether  the  discrepancy  noted  for  ET 
in  the  small-scale  plate  test  is  an  artifact  of  the  test,  or  a  real 
indication  that  a  family  of  time  dependent  adiabats  must  be  used  to 
represent  the  performance  of  boron  containing  explosives. 


*Developed  for  the  Lawrence  Radiation  Laboratory  by  Reaction 
Motors,  Inc.  LRL  Purchase  Order  No.  3187IO6. 
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APPENDIX  I 


Relations  among  the  Detonation  Parameters  of  a  y-lav  High  Explosive. 


¥e  first  list  the  well  known  conservation  equations 
associated  with  the  passage  of  an  inert,  one-dimensional  shock 
through  a  fluid  confined  in  a  rigid- walled  cylinder.  The  subscripts 
o  and  1  denote,  respectively,  the  states  before  and  after  the  passage 
of  the  shock.  The  polytropic  equation  of  state,  the  C-J  hypothesis, 
and  the  definition  of  the  sound  speed  are  also  given  for  reference. 


Mass  conservation: 

Momentum  conservation: 

Energy  conservation; 

Chapman- Jouguet  Hypothesis: 
Definition  of  sound  speed: 
Polytropic  equation  of  state : 


fo®  - 
h  -  fo 

•i-"c  -  fo  -  V/i) 

=  (dP/d_p)^ 

=  e 


It  should  he  noted  that  the  conse2rvation  ec^uations  given 
here  assume  the  iinshocked  medium  to  he  at  rest^  i.e,^  =  0^  and  to 

have  P  =  Qo  If  now  state  o  describes  a  region  of  undisturbed  high 
explosive^  and  state  1  is  associated  with  the  C-J  state^  i^eoj,  we 
assume  a  negligible  reaction  zone  thickness^  then  the  following 
relations  can  be  derivedv9;  for  the  quantity  yt 

r  -  fo®>cj  -  ® 

-  ®cj/“o  *  ® 
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ADDENDUM 

ADDITIONAL  EXPERIMENTAL  RESULTS  AVAILABLE 
AT  THE  TIME  PAPER  ¥AS  PRESENTED 


Preliminary  results  for  the  systems  B^C.QH20N2oOi^Q  and 
^20^18^20^40  ('I'9‘'ble  1)  have  heen  obtained  from  me  following 
experiments : 


1)  Measurement  of  detonation  velocity  and 
Chapman- Joxiguet  pressure.  (Table  2) 

2)  Measurement  of  a  point  on  the  isentrope 
of  the  detonation  products.  (Table  3) 

3)  Small  scale  plate  test,  (Table  4) 

4)  Cylinder  and  flat  plate  hydrodynamic 
performance  tests.  (Tables  5  an^i  6) 

5)  Heat  of  detonation.  (Table  7) 
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Table  2. 


Explosive 

Density 

^!:ms/cc) 

^CJ 

(kbars) 

D 

(mm /usee) 

PBX  940lt.* 

1.83 

360 

8 ,80 

Comp  B* 

1.71 

n 

7.99 

(8.10) 

Organic 

1.47 

215 

(220) 

7.39 

(7.31) 

'  • 

1.47 

2,tS 

(203) 

7.00 

(6.85:1 

*LASL  experimental  values. 

()LASL  calculated  values  using  BKW  codes. 


Table  3» 


Isentrope  P-U  Points 


P 

(bars ) 

Organic 

0.75 

1000 

Boron 

0.75 

Kttrv  et  al. 


The  above  exjterlmental  data  combined  with  hydrodynamic 
calculations  lead  to  the  following  conclusions: 

1)  Boron-oxygen  explosives  perform  about  as  predicted  by 
the  CJG  equation  of  state^  not  the  MEG  equation  of 
state . 

2)  There  is  no  evidence  for  time  dependent  adiabats  in 
the  boron  explosive. 

3)  The  small  scale  plate  test  does  not  order  explosives  in 
the  same  manner  as  larger  more  significant  hydrodynamic 
tests . 
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THE  DETONATION  PROPERTIES  OP  DATE 
(1,  3-DIAMINO,  2,  4,  6-TRINITROBENZENE) 


N,  L,  Coleburn,  B,  E,  Drlramer,  T,  P.  Llddlard,  Jr, 
U.  S.  Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


ABSTRACT:  The  detonation  parameters  of  the  rela¬ 
tively  new  heat-resistant,  shock-lnsensltlve  explosive 
DATE  have  been  measured.  At  the  normal,  pressed-loaded 
density  (l.80  g/cm^),  the  detonation  velocity  Is  7600 
ra/sec,  and  the  Chapman-Jou^t  pressure  Is  257  kb.  The 
detonation  velocity  (m/sec;  varies  with  density 
according  to  D  ■  2480  +  2852^.  The  energy  of  detonation 
Is  847  cal/g.  The  failure  diameter  was  found  to  be 
0,53  cm.  When  mechanical  shocks  are  slowly  applied,  as  In 
the  Impact-hammer  machine,  DATE  Is  less  sensitive  than 
TNT,  but  when  the  shock  Is  more  rapidly  applied,  as  In 
the  NOL  wedge  test,  the  explosive  behaves  more  like 
Composition  B.  Addition  of  5^  plastic  binder  desensitizes 
DATE  to  rapidly-applied  shocks,  causing  It  to  fall  to 
build  up  to  detonation  In  the  wedge  test  even  though  the 
pressure  within  the  explosive  may  be  as  high  as  82  kb. 


In trod uc  tion 

The  speeds  of  modern  aircraft,  and  especially  those 
of  unmanned  missiles,  have  produced  many  difficult  prob¬ 
lems  In  ordnance  design.  The  ability  of  the  explosive 
component  to  tolerate  severe  thermal  cycles  experienced 
during  the  mission  of  such  ordnance  Is  an  Important 
parameter  In  these  designs.  A  promising,  new,  shock- 
lnsensltlve  explosive,  1,  S'-dlaralno,  2,  4,  6-trlnltro- 
benzene  (DATB)^*  2^  has  r3upe''lor  thermal  stability  under 
these  conditions,  DATB  ia  a  mellow  solid  having  a 
crystal  density  of  l.BST  g/cv;^l  it  melts  at  286°C,  and 
decomposes  at  a  negligible  rate  at  204^C,  while  at  260°C 
Its  decomposition  rata  Is  onlj  about  (by  weight)  per 
hour.  It  does  not  initiate  at  the  maximum  height  of  the 
NOL  impact  machine  (320  cm) ,  In  afansitlvity  testing. 
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showing  that  it  is  much  less  sensitive  to  such  slowly= 
applied  mechanical  shocks  than  even  TNT  (200  cm)o  The 
detonation  parameters  of  DATE  and  its  sensitivity  to 
rapidly=applled  shocks  are  reported  herein. 


Detonation  Velocity  of  DATE  and  DATB-PlastlC” 

Bonded  Compositions 

Detonation  velocities  as  a  function  of  charge 
density  were  measured  for  pure  DATE  and  DATB/EPON  lOOl'®*' 
(95/5)  with  a  rotatlng“mlrror  smear  camera.  The  veloc^ 
ities  obtained  from  the  photographic  measurements  (when 
the  charge  density  was  a  maximum)  checked  to  within 
10  m/sec  when  camera  and  electronic  pin  probes  were 
employed  simultaneously.  Simple  pelleting  techniques 
produced  5.0-cm  diameter  pellets  for  these  tests,  with 
densities  ranging  from  1.4  to  1.8  g/cm3^  To  obtain  charges 
with  densities  below  1.4  g/cra'^,  the  powder  (average 
particle  size  4  to  5  microns)  was  loaded  lri  15“’gram 
increments  into  5®l"”Cm  internal  diameter,  0.15“Cm  thick 
aluminum  or  glass  tubes  and  pressed  (in  the  aluminum 
tubes  only)  at  pressures  up  to  8,000-»10,000  psi.  When 
confined  by  the  aluminum  the  detonation  wave  was  observed 
through  a  series  of  small,  evenly  spaced  holes  drilled 
through  the  metal  casing.  Each  test  charge  was  initiated 
by  an  explosive  train  consisting  of  a  U.  S.  Engineer's 
Special  Detonator,  a  5.1'=cm  diameter  plane=»wave  generator 
(Baratol-Composltlon  B),  and  a  5ol“Cm  diameter,  5al“Cra 
long  tetryl  pellet. 

The  detonation  velocities  are  listed  in  Table  I  and 
plotted  Id  Figure  1.  At  densities  normally  obtainable, 
1.80  g/cm3  (98.0^  of  crystal  density),  the  detonation 
velocity  of  pure  DATE  is  7^00  m/sec «  The  detonation 
velocity  varies  linearly  with  the  charge  density  according 
to  the  equation 

D  ^  2480  2852/®  (i  25)  m/seco  (l) 

The  diameter  effect;  was  studied  by  detonating  a 
pyramidal  charge  of  three  cylindrical  pellets,  2,54-, 

1.22-  and  0.64-cm  diameter,  stacked  in  order  of  de¬ 
creasing  diameter.  On  top  of  the  0,64-cm  diameter  pellet 
was  placed  a  1.25=’Cm  long  truncated  conical  section 
tapering  from  0.64-cm  diameter  at  its  base  to  0.32-cm 
diameter  at  the  top.  Detonation  of  the  pyramidal  charge 
resulted  in  a  normal  velocity  with  detonation  failure 


Epoxy  Resinj  Shell  Epon  1001;  (Shell  Chemical  Company, 
Emeryville ,  California . ) 
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TABLE  I 

DETONATION  VELOCITY  OF  DATE 


Charge 

no. 


1 


* 


||n|H 

Length 

(cm) 

Confinement 

Density 

(g/cm3) 

Detonation 

velocity 

(m/sec) 

Conical** 

1.250 

None 

1.816 

0.64 

2.540 

ft 

1.816 

7620 

1.27 

2.644 

n 

1.815 

7620 

2.54 

7.861 

If 

1.809 

7620 

5.47 

13.40 

Glass 

0.901 

5050 

5.47 

15.31 

Luclte 

1.427 

6600 

4.48 

15.53 

n 

1.375 

6470 

4.44 

15.26 

Aluminum 

1.381 

6470 

4.44 

15.27 

n 

1.285 

6130 

4.44 

15.27 

ft 

1.205 

5880 

5.08 

15.80 

None 

1.788 

7570 

5.08 

20.47 

ft 

1.793 

7580 

*  Charge  1  was  the  pyramid  charge  In  four  sections. 

**  Diameter  uniformly  decreased  from  0.64  to  0,32  over 
1.25  cm-length. 

***  Failure  diameter  *  0.53  cm. 
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Fig.  1  -  Detonation  velocity  of  DATE  as  a  f\inction  of  charge  density 
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occuirlng  at  a  charge  diameter  of  0.53  cm,  i.e.  within  the 
tapered  region. 

Results  obtained  with  DATB/EPON  1001  (95/5) »  Table  II 
and  Figure  1,  show  that  at  a  given  charge  density  this 
plastic-bonded  explosive  detonates  about  150  m/sec  slower 
than  does  pure  DATE.  A  tapered  section  was  not  used  in 
the  DATB/EPON  1001  (95/5)  pyramidal  charge.  Therefore  the 
failure  diameter  of  this  composition  was  not  ascertained. 
However,  its  ability  to  propagate  stable  detonation  up  to 
the  end  of  a  2,54-cra  long  cylindrical  pellet  0.64  cm  in 
diameter  demonstrated  that  its  failure  diameter  is  near  to 
that  of  pure  DATE, 


The  Chapman-Jouguet  Pressure  of  DATE 

Using  a  method  reported  by  W,  C.  Holton^,  we  have 
measured  the  Chapman- Jouguet  pressure  of  DATE,  This 
method  Involves  the  measurement  of  the  velocity  of  the 
shock  wave  transmitted  into  water  from  the  end  of  a  plane- 
wave-lnitlated  charge;  then,  employing  an  equation  of 
state  of  water  to  obtain  the  pressure  at  the  water- 
explosive  interface,  the  Chapman -Jouguet  pressure  is 
inferred.  In  the  experimental  arrangement,  a  charge 
15.2-cm  long  by  5,1-cm  diameter,  initiated  by  a  Baratol- 
Composltion  B  plane-wave  generator,  was  immersed  in 
distilled  water  to  a  depth  of  6.4  cm.  The  bottom  end  of 
the  charge  was  positioned  parallel  to,  and  1,3  cm  above, 
the  optical  axis  of  the  smear  camera.  The  shock  wave 
within  the  water,  "back-lighted”  by  collimated  light  from 
an  exploding  wire,  produced  a  time-resolved  shadowgraph. 
Prom  measurements  of  this  photographic  trace  the  deto¬ 
nation  pressure  of  the  explosive  is  calculated  using  the 
water-shock  wave  data  of  Rice  and  Walsh^.  Their  data  are 
represented  by  the  following  equation: 

U  -  1,483  -  25,306  log^Q  (1  +  u/5,190)  (2) 

where  U  is  the  shock  velocity  and  u  is  the  particle  velo¬ 
city  of  the  water  in  m/sec.  Thus  a  measurement  of  U  at 
the  explosive-water  Interface  produces  a  corresponding 
value  of  u.  The  pressure,  P,  in  the  water  at  this  inter¬ 
face  is  then  obtained  from  the  familiar  hydrodynamic 
equation 


P  =  UuAo 

where  Vq  is  the  specific  volume  of  material  in  the  un¬ 
shocked  state.  The  Chapman -Jouguet  pressure  of  the 
explosive,  Pqj,  is  related  to  the  pressure,  P,^  ^  ,  of 
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TABIJS  II 

DETONATION  VELOCITY  OP  DATB/EPON  1001  (95/5) 


Charge 

nOo 

Diameter 

(cm) 

Length 

(cm) 

Density 

(g/cm3) 

Detonation 

velocity 

(m/sec) 

O0638 

■  '  '  ' 

2,545 

1,776 

7350 

Oo953 

2,545 

1,765 

7350 

1o267 

2,436 

1,756 

1^267 

2,629 

1,761 

7280 

2o537 

2,573 

1,752 

7400 

2.537 

2,6l4 

1,708 

7180 

2 

5o053 

15,00 

1,733 

7260 

3 

2,527 

15,67 

1,448 

6480 

*  Charge  1  was  a  pyramid  charge  Itj  six  sections « 
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the  water  at  the  exploslve-water  interface  by  a  simple 
equation^: 


^CJ  ~ 


WaO 

miiwiiMmiiii  inn 


2(  (S  U)„jO 


(4) 


where  ( I>)e  Is  the  product  of  the  Initial  density  and 
detonation  velocity  of  the  explosive. 


Three  DATS  charges  were  fired,  each  at  an  Initial 
density  of  1.790  ±  0.001  g/cra3,  yielding  the  following 
mean  values: 

D  -  7585  m/sec. 

U  -  5980  (±28)  m/sec, 
u  -  2624  m/sec, 

V  157  kb. 

Therefore,  the  Chapman” Jouguet  pressure  of  DATE  ls^257  kb. 
This  Is  some  36^  greater  than  that  of  TNT  (189  kb)®  and 
only  12?^  less  than  that  of  Composition  B  (290  kb)  7, 


The  Energy  of  Detonation  and  the 
Isentroplc  Exponent 

The  energy  of  detonation  can  be  estimated  from  the 
assumption  that  on  detonation  the  oxygen  In  the  explosive 
forms  HgOlg),  CO/gj,  and  C02(g)  In  that  order.  For  DATE 
this  reaction  Is' 

C6H5N5O6  —I. 


2.5  HgO^g)  +  3.5  +  2.5  +  2.5  (5) 

The  measured  heat  of  formation  of  DATE  Is  29.23  k  caly^le®. 
Using  available  heat-of-formatlon  data  for  the  decorn- 
position  products,  the  heat  of  detonation  Is  calculated 
to  be  875  cal/g. 


The  heat  of  detonation  also  can  be  calculated  from 
the  hydrodynamic  properties  determined  above.  The 
relation 


CJ 


«  1 


U  +  1) 


(6) 


Is  readily  derived  from  the  Chapman -Jouguet  condition. 
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2p.’\  =  -  ^cj 


(7) 


(the  term  Pq  neglected  here  since  Pcj^Pq^^ 

hydrodynamic  relation, 

■  '^0  ^CJ/  (’^o  -  ^oj)  (8) 

and  the  definition  of  k,  the  isentroplc  exponent. 


Thus  equation  (6)  yields  a  value  of  k  from  the  experimen¬ 
tally  determined  values  of  D  and  Pcj.  The  energy  of 
detonation,  Q,  is  then  calculated  by  the  equation 

Q  «  (10) 

2(k^  -  1) 

as  shown  by  Jacobs^  and  Prlce^^,  From  these  relations  k 
for  DATE  is  3«02,  and  Q  is  847  cal/g,  checking  to  within 
some  3^,  the  energy  calculated  from  thermal  data.  For 
convenience  these  results  are  assembled  in  Table  III, 
where  they  are  compared  to  corresponding  values  for  TNT. 


Sensitivity  to  Rapidly-Applied  Shocks 

Evaluation  studies  were  performed  on  pure  DATE, 
DATB/EpON  1001/95/5),  and  DATB/ERL  2741*  (95/5)  using  the 
NOL  wedge  test-^-*-.  In  this  test.  Figure  2,  the  explosive, 
formed  into  a  25“degree  wedge  with  a  maximum  thickness  of 
lo27  cm, is  subjected  to  a  plane  shock  wave  delivered  by 
an  explosively-driven  brass  plate.  Plates  of  1.27-, 

2.34-,  and  3.8l-cm  thicknesses  are  used  in  order  to  vary 
the  shock  pressure  transmitted  into  the  explosive.  The 
shock  wave  within  the  metal  is  formed  by  the  detonation 
of  a  1.27-cm  thick  Composition  B  slab,  12.7  cm  square, 
initiated  by  a  10,8-cm  diameter  plane-wave  generator. 

The  shock  velocity  within  the  unreacted  explosive, as  a 
function  of  explosive  thickness, and  the  build-up  to  the 
steady  detonation  rate,  are  inferred  from  an  analysis  of 
the  smear-camera  photograph  of  the  shock  arrival  at  the 
free  surface  of  the  wedge  (Flgxxre  3,  central  region) 


Phenolic  resin  (Bakelite  Corporation,  New  York  City, 
New  York.) 
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TABLE  III 

PROPERTIES  OF  DATE  COMPARED  TO  TNT 


Property 

DATS 

TNT 

Experimental  Density  (g/cm3) 

1.800 

1.637 

Detonation  Velocity  (m/sec) 

7600 

6940 

d  D  (m/sec) 

(g/cm3) 

2852 

3225 

Failure  Diameter  (cm) 

.53 

1.3(1^) 

Detonation  Pressure  (kb) 

257 

189^6) 

Detonation  Energy  (cal/g) 

847 

636 

505^  Impact  Initiation  Height  (cm) 

320 

200 

Isen tropic  Exponent «  k 

3.02 

3.17 

Plate-Push  Value,  (ft/sec) 

3130 

2930 
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Figo  2  “  Side  view  of  NOL 
wedge-test  arrangement 
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Reflected~light  technique  is  used  to  record  the  shock  ar¬ 
rival  and  to  measure  the  shock-wave  parameters  of  the  brass 
plate  0 

The  results  obtained  for  the  bulld-up-to-detonatlon 
tests  on  DATE  using  the  three  brass  thicknesses  are  shown 
in  Figures  4-6,  where  they  are  compared  to  those  obtained 
for  Composition  B,  The  outstanding  feature  of  these 
curves  is  the  fact  that  the  instantaneous  shock  velocity 
within  the  explosive  rises  10-20^  above  the  normal  deto¬ 
nation  velocity  before  settling  down  to  that  value.  An 
example  of  this  velocity  "overshoot"  can  be  seen  in  the 
smear-camera  photograph  for  Shot  1  (Figure  3 ) ,  In  this 
respect  DATE  behaves  like  other  pressed  explosives.  No 
cast  explosive  has  exhibited  such  an  "overshoot",  while 
pressed  explosives  characteristically  do^^.  Another 
feature  shown  in  Figures  4-6  is  that  the  build-up-to- 
detonation  of  DATE  under  this  rapid  shock-loading  is  not 
significantly  different  (other  than  the  "overshoot")  from 
that  of  cast  Composition  bH,  Thus  the  sensitivity  of 
DATE  to  mechanical  shocks  is  strongly  dependent  on  the  rate 
of  shock-loadlngj  when  applied  slowly,  as  in  the  impact- 
hammer  machine,  DATE  is  very  insensitive  (the  50^  initte.tto 
point  exceeds  320  cm,  while  for  TNT  it  is  200  cm  and  for 
Composition  B  it  is  60  cm) 13^  When  the  shock  is  applied 
rapidly,  as  in  the  wedge  test,  the  sensitivity  of  DATE  is 
comparable  to  that  of  cast  Composition  B  (TNT  fails 
completely  to  build-up  to  normal  detonation  velocity  in 
the  wedge  testH, ) 

The  NOL  wedge  test  was  designed  to  permit  for  each 
shot  a  determination  of  one  point  on  the  Hugoniot  curve 
for  the  unreacted  explosive.  Analysis  of  the  upper 
region  of  Figure  3  yields  the  free-surface  velocity  and 
the  shock  velocity  of  the  brass  at  its  free  surface,  and 
thus,  by  equation  (3),  the  pressure  in  the  brass  at  the 
brass,  explosive-wedge  interface  (assuming  that  the 
particle  velocity  of  the  brass  is  one  half  its  free- 
surface  velocity).  An  equation  analogous  to  equation  (4) 
then  produces  the  pressure  within  the  unreacted  explosive 
at  the  same  Interface,  If  its  compression,  V/Vq  (v;here 
Vo  and  V  are  respectively,  the  specific  volume  of  the 
explosive  before  and  after  being  shocked),  is  determined 
for  the  same  state,  then  the  point  on  the  Hugoniot  curve 
will  have  been  determined.  The  compression  is  calculated 
from  the  continuity  equation  for  the  explosive 

V  c  U  -  u 

Vo  U  (11) 

using  equation  (3)  to  obtain  the  particle  velocity,  u, 
of  the  unreacted  explosive.  In  this  manner  three  points 
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Fig.  4  -  Instanteineous  shock  velocities  in  DATE  for  1.27-cm 
thick  brass  compared  with  comp  B 
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0  2  4  S  8  10  12  14 


WEDGE  THICKNESS 

Fig,  5  -  Instantaneous  shock  velocities  in  DATE  for  2.54-cm 
thick  brass  compared  with  comp  B 
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Fig.  6  -  Instantaneous  shock  velocities  in  DATS  for  3.81 -cm 
thick  brass  compared  to  comp  B 
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on  the  Hugonlot  curve  for  the  unreacted  explosive  have 
been  determined  for  pressures  of  approximately  75*  o5,  and 
100  kb.  The  exact  values,  as  well  as  the  other  parameters 
derived  from  the  wedge  test  are  tabulated  In  Table  IV, 

A  few  explanatory  remarks  on  the  data  In  Table  IV 
are  appropriate.  The  final,  or  steady  value  of  the 
Instantaneous  velocity,  D,  should  be  Identical  with  the 
normal  detonation  velocity.  The  observed  deviations  from 
this  value  are  merely  the  result  of  the  difficulties  of 
making  a  precision  velocity  measurement  by  this  method. 

The  smallest  tilt,  or  non-planarity  of  the  wave  as  it 
emerges  from  the  explosive  wedge  would  alter  the  value 
of  D,  Thus  the  measurement  of  D,  while  not  good  enough 
for  a  determination  of  a  precision  detonation  velocity, 
serves  as  a  useful  measure  of  the  normal,  plane-wave 
propagation  assumption  of  the  wedge  test. 


The  fact  that  the  shock  within  the  explosive  wedge 
does  not  move  always  at  its  normal  detonation  velocity 
means  that  the  shock  (or  detonation)  wave  is  delayed  in 
reaching  a  given  depth  in  the  explosive.  The  delay 
time"  is  defined  as  the  difference  in  time  of  arrival  of 
the  wave  within  the  explosive  between  its  actual  time  of 
arrival  and  the  time  it  would  have  arrived  had  it  moved 
always  at  its  steady  detonation  velocity: 


Delay  time  »  (tlme-of-arrival) 

"observed" 


(time-of -arrival) 
"steady  shock"  (12) 


(Of  course,  these  times  of  arrival  are  calculated  for 
some  point  beyond  that  where  the  steady  velocity  has  been 
attained).  The  fact  that  velocity  "overshoots  occur, 
produces  the  possibility  that  negatlve'Melays  could  be 
obtained,  l.e.,  the  shock  could  arrive  even  before  it 
would  have,  had  it  travelled  at  its  steady  velocity  at 
all  times.  Thus  Shot  1  (with  a  1.27 -cm  thick  brass  plate) 
exhibit  a  delay  time  of  only  0.07  microsec  as  contrasted 
with  0.20-0.30  microsec  for  the  other  five  shots. 

Wedge  tests  also  were  run  for  plastic  bonded  DATE/ 
BRL  2741  (95/5)  and  DATB/EPON  1001  (95/5).  With  DATE/ 

BRL  2741  (95/5)  the  standard  25-clegree  wedge  failed  to 
build-up  to  detonation  when  a  2,54-cm  thick  brass  plate 
was  used,  even  though  the  pressure  developed  within  the 
explosive  was  82  kb.  Build-up  to  detonation  was  obtained 
with  DATB/EPON  1001  (95/5)  in  the  2.54-cm  thick  brass 
plate  wedge  test. 
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Flate-Push  Tests 

The  NOL  plate-push  test  measures  the  ability  of  a 
5e4-cm  diameter  by  6.3”Cm  long  cylinder  of  explosive  to 
project  a  5,4-.cm  diameter  steel  disc  (200  g)  from  a  small, 
expendable  1.25“Cm  thick  steel  mortar*  The  velocity  Im¬ 
parted  to  the  disc.  In  ft/sec.  Is  the  "plate-push"  value 
of  the  explosive®  Pure  DATE  gives  a  value  of  3130  ft/sec 
and  is  thus  Intermediate  to  TNT  (2930)  and  Composition  B 
(3320)* 


Conclusions 

1*  At  normal  densities  (1*78-1.80  g/cm^)  the  detona¬ 
tion  velocity  of  DATE  Is  about  j600  m/sec,  or  more  exactly, 
its  velocity  Is  represented  by 

D  »  2480  +  2852^  (m/sec). 

At  a  density  equal  to  the  crystal  density  of  TNT 
(1*654  g/cm3),  charges  of  DATE  have  a  detonation  velocity 
of  7200  ra/sec,  or  200  m/sec  greater  than  that  of  TNT  of 
the  same  density* 

2*  The  sensitivity  of  DATE  to  r a pldly -applied, 
large-amplitude  shocks  (as  In  the  wedge  test)  Is  compar¬ 
able  to  that  of  cast  Composition  B.  This  contrasts 
strongly  to  Its  behavior  under  slowly-applied,  low- 
amplitude  shocks  (as  In  the  drop-hammer  Impact  test), 
where  It  Is  much  less  sensitive  than  even  TNT, 

3*  The  shock  sensitivity  of  DATE  Is  markedly  reduced 
even  for  rapidly-applied,  large-amplitude  shocks  by  the 
addition  of  only  5^  of  certain  plastic  binders* 

4*  In  the  wedge  test  (and  presumably  for  mechanical 
Impacts  of  a  similar  nature)  the  velocity  of  the  shock 
wave  passing  through  DATE  starts  at  4500-5OOO  ra/sec  and 
accelerates  to  a  value  exceeding  the  normal  detonation 
velocity  before  finally  settling  back  to  normal  detonation 
velocity*  In  this  regard  ,  DATE  behaves  similarly  to 
other  pressed  explosives,  which  also  exhibit  this  velocity 
"overshoot"* 

5*  The  small  failure  diameter  of  DATE,  0*53  cm, 
appears  surprising  at  first  glance*  Its  very  large 
Impact-hammer  50^  height  would  lead  one  to  expect  a  much 
larger  failure  diameter,  say  something  comparable  to  the 
l*3-cm  diameter  found  for  TNT-^^*  However,  our  wedge  tests 
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Indicate  that  for  high  pressure,  rapidly-applied  shocks 
(such  as  it  might  also  receive  from  its  ovfn  detonation; 
the  sensitivity  of  DATB  is  comparable  to  that  of 
Composition  B.  The  small  failure  diameter  lends  further 
support  to  conclusion  2  above ^  since  the  failure  diameter 
of  Composition  B  is  approximately  0.4  cm-'-i?, 

6,  Using  water  as  a  calibrated  manometer,  the 
measured  Chapman-Jouguet  pressure  of  DATB  was  found  to  be 
257  kb,  thus  exceeding  that  of  TNT  by  about  40^  (consider¬ 
ing  each  explosive  at  its  normally-obtalnable  charge 
density) . 

7,  Using  this  pressure  value,  the  Isentropic  exponent 
of*  product  gases  from  DATB  at  the  detonation  front  is 
calculated  to  be  3.02, 

8.  With  this  value  of  k,  the  energy  of  detonation  of 
DATB  is  calculated  from  equation  (lO)  to  be  847  cal/s#  or 
some  35^  less  than  the  value  of  875  cal/g  obtained  from 
its  measured  heat  of  formation. 

9.  The  plate-push  value  for  DATB  is  3130  ft/sec, 
about  6^  higher  than  that  of  TNT. 
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M0W“STEA2)y  DETONATION  »  A  REVIEW  OF  PAST  WORK 


SigtnuBd  Je  Jacobs 
U.  S,  Naval  Ordnance  Laboratory 
White  Oakj  Silver  Spring,  Maryland 


Introduction 


When  this  paper  was  Invited  for  oresentatlon  at 
the  Third  Detonation  Symposium  (ONR,  NOL)  the  above  title 
was  given  as  the  subject o  It  was  pointed  out  that  the 
ground  to  be  covered  should  Include  effect  of  chemical 
reaction  rates  on  detonation,  l,e.,  transition  from  defla™ 
gration  to  detonation,  growth  of  detonation  from  an 
initiating  shock,  factors  affecting  the  failure  of  deto¬ 
nation,  and  failure  diameters.  This  fairly  well  covers 
the  scope  of  the  present  review.  One  might  argue  that  the 
effect  of  scaling  on  the  rate  of  detonation  in  charges  of 
constant  cross-section  should  also  be  Included  since  here, 
too,  there  is  an  effect  of  reaction  rate  on  the  hydro¬ 
dynamics  of  the  flow.  Detonations  under  these  circum¬ 
stances  can  be  considered  as  steady  despite  the  fact  that 
the  reactions  are  perturbed  by  the  lateral  rarefaction. 

The  so-called  "diameter  effect"  will  therefore  be  briefly 
considered.  It  is  apparent  to  most  of  us  that  the  area  of 
non-steady  detonations  is  of  utmost  importance.  From  a 
practical  point  of  view  it  is  here  that  the  problems  of 
safety  on  the  one  extreme  and  reliability  on  the  other 
must  be  attacked.  From  the  scientific  point  of  view  it  is 
an  area  of  challenging  problems.  At  one  time  not  too  long 
ago  the  "Theory  of  Detonation"  was  the  theory  of  steady 
flows.  Today  we  recognize  that  this  is  only  a  special  case 
of  a  much  broader  problem,  namely,  to  develop?  "The  Theory 
of  Non-steady  Flows  with  Exothermal  Reactions  ,  Before 
this  theory  can  be  spelled  out  unambiguously  we  must 
define  the  important  variables  and  determine  their  prop¬ 
erties,  Some  of  the  variables  are  apparent,  some  are 
still  to  be  found.  Much  of  the  early  work  largely  con¬ 
cerned  with  shock  initiation  suffered  from  lack  of 
understanding  of  the  amplitude,  position  and  time 
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variations  In  the  Initiating  shock.  There  was  further 
lack  of  even  qualitative  understanding  of  the  role  played 
by  rarefaction  waves.  Though  the  situation  is  somewhat 
better  today  there  Is  still  a  tendency  In  some  of  the 
work  going  on  to  Ignore  the  importance  of  these  factors. 

The  search  for  other  variables  of  Importance  Is  meanwhile 
going  on.  We  seem  to  have  a  need  to  go  beyond  the  simple 
concepts  of  grain  burning  theory  versus  homogeneous 
reaction  theory.  The  mechanism  for  the  chemical  reaction 
under  shock  seems  now  to  require  greater  sophistication. 

A  promising  area  of  study  seems  to  be  emerging  from  the 
disciplines  of  solid  state  physics  and  chemistry.  Mean¬ 
while  new  effects  are  being  discovered,  and  these  must 
be  fitted  Into  the  picture.  The  papers  of  Wlnnlng(l)  and 
Gibson,  et  al(2)  should  prove  to  furnish  Interesting  food 
for  thought.  Recently  It  was  discovered  at  GCLRL  that  a 
solid  explosives  could  be  made  Insensitive  to  detonation 
by  preshocking  the  explosive,  A  detonation  was  found  to 
fall  If  It  entered  a  region  In  which  a  weak  shock  had 
already  passed.  The  observation  Is  very  reminiscent  of 
what  has  been  called  "dead  pressing".  (This  experiment 
will  be  Illustrated  later.)  The  results  of  this  new  work 
may  be  of  great  value  In  filling  out  the  picture  on  the 
shock  Initiation  In  finite  cylinders.  Electrical  effects 
(conduction  and  charge  formation)  have  been  found  In 
dielectrics  Including  explosives  subjected  to  shock.  The 
consequences  of  these  effects  need  to  be  placed  In  proper 
perspective.  The  author  has  taken  advantage  of  this 
opportunity  to  collect  a  bibliography  of  the  papers  which 
he  has  found  useful  In  the  field  of  non-steady  detonations. 


Early  Work 

It  has  long  been  known  that  detonation  could  be 
Initiated  by  the  effect  of  a  detonation  from  a  donor 
charge  separated  from  the  test  charge  by  an  air  gap  or  an 
Inert  gap.  Most  detonators,  for  example,  are  cased  In 
metal  sheathes,  yet  they  can  cause  detonation  In  many 
explosives.  As  far  back  as  1931  a  bulletin  of  the  Bureau 
of  Mines (3)  described  a  gap  test  (air)  for  the  determi¬ 
nation  of  the  sensitivity  of  an  explosive  to  detonation  by 
"Influence".  This  test  Is  undoubtedly  much  older  than  the 
bulletin  date.  Other  early  gap  tests  have  been  cited  by 
Eyrlng,  et  al(4),  without  source  reference.  Prior  to  1944 
the  Interest  In  non-steady  effects  was  largely  tied  to 
practical  problems.  There  was  work  on  minimum  booster 
requirements  and  work  on  failure  diameter,  A  few  smear 
camera  observations  were  made  on  fading  of  detonation. 

I  have  some  old  slides  by  Messerly  and  MacDougall  who 
worked  at  the  Bureau  of  Mines  (Bruceton)  on  an  OSRD 
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contract  showing  fading,  low  rate  detonation^ and  the 
effect  of  Inert  gaps  on  the  propagation  of  detonation o 

It  was  about  the  end  of  19^4  before  any  serious 
attempt  was  made  to  study  Initiation  of  solids  and  liquids 
by  shocks o  A  project  of  the  National  Research  Council 
(Canada)  to  study  initiation  by  shocks  was  undertaken  at 
this  time  by  Herzberg  of  the  University  of  Saskatchewan 
Using  both  still  photography  (time  average  observation) 
and  smear  photography  Herzberg  and  Walker (5,  6)  brought 
to  light  a  number  of  interesting  observations c,  Using 
’’point"  initiation j,  the  point  being  a  detonator  or  a  cylin>= 
der  of  comparable  diameter  (''^/4  lnch)o  They  unamblgu- 
ously  showed  the  existence  of  the  hook  In  smear  camera 
records  when  a  large  cylindrical  charge  was  initiated  at 
one  end  on  its  axis*  When  the  detonator  was  moved  to  the 
edge  of  the  charge  a  "dark  gone"  was  apparent o  They  found 
that  cardboard  sheets  placed  between  the  detonator  and  the 
test  charge  caused  the  point  of  detonation  emergence  in  a 
receptor  charge  to  move  away  from  the  point  of  initiation o 
They  found  the  critical  gap  at  which  no  detonation  would 
propagate  was  quite  sharp,  like  ±1  card  in  20  (see 
Eyrlng(4),  p,,  139)=  The  observation  of  the  hook  led 
Herzberg  to  the  hypothesis  that  a  displaced  center  of 
Initiation  existed,  that  the  shock  from  the  detonator 
caused  a  "low  order"  detonation  to  propagate  Into  the 
acceptor  and  that  this  low  order  suddenly  Jumped  to  high 
order.  In  the  last  of  his  papers (6)  It  was  said  that  this 
was  a  new  kind  of  low-order  detonation.  One  sees  here  a 
groping  for  words  to  describe  a  phenomena  and  a  choice  of 
words  which  really  had  never  been  defined,  that  is,  "low 
order  detonation".  When  Herzberg  first  presented  a  dis¬ 
cussion  of  his  early  work  at  a  meeting  at  McGill  Univer¬ 
sity  (Toronto)  late  In  1944  It  excited  considerable 
Interest  and  stimulated  Elizabeth  Boggs (7)  of  the  Explo¬ 
sives  Research  Laboratory,  ERL  (Bruceton)  into  considering 
a  number  of  new  experiments  to  establish  the  facts  of  the 
"hook  effect".  She  first  set  down  a  number  of  working 
hypotheses.  These  centered  on  two  basic  conflicting 
arguments;  a)  the  displaced  center  argument  of  Herzberg, 
and  b)  a  propagation  theory  of  her  own.  The  latter  may 
be  paraphrased  as  follows;  "a)  The  wave  may  propagate  from 
the  'point’  of  initiation  with  a  non-spherleal  front 
arising  from  variation  in  velocity  with  direction,  and 
b)  The  wave  velocity.  In  addition,  may  be  a  function  of 
distance  from  the  initiating  point".  The  experiments 


*  As  far  back  as  1928  records  of  this  type  had  been 
obtained,  E,  Jone3(24)  reported  such  records  and,  inci¬ 
dentally,  the  curved  front  in  normal  detonation  at  that 
date. 
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showed  clear  evidence  that  the  wave  In  TNT  was  not  propa¬ 
gating  as  a  true  spherical  front  and  that  the  wave  also 
varied  in  velocity  with  distance  and  direction.  The 
discussion  of  Boggs  anticipated  many  later  explanations. 

It  is  striking  that  neither  worker  ever  mentioned  rare¬ 
faction  wave  or  shock  wave  in  connection  with  their 
experiments.  It  seems  that  at  that  date  waves  with 
reaction  were  Just  called  detonations.  If  the  ideas  of 
’’shocks  with  reaction”  and  ”rarefactions  with  reaction 
are  Introduced  and  applied  to  the  interpretation  of  the 
experiments  discussed  by  them  the  results  become  quite 
clearly  explained.  The  works  of  Herzberg  and  of  Boggs 
are  worthy  references*  They  contain  much  of  value  despite 
their  age.  Ground  covered  by  Herzberg  has  included: 
a)  "Hook"  observations,  b)  Dark  zone,  c)  Preferential 
detonation  in  an  axial  direction  ("channel  detonation; , 
d)  Gap  test,  e)  Non-uniform  spreading  of  detonation  in 
liquids,  f)  Re-initiation  after  fading  in  thin  layers  of 
explosive  detonated  at  a  center.  Boggs  has  described: 
a)  Acceleration  from  shock  to  detonation,  b;  Effect  or 
off-axis  propagation,  c)  Detonation  around  a  corner  or 
around  an  arc. 


During  the  war  Jones (8)  added  some  approximations  to 
the  ideas  of  Prandtl-Meyer  flow  (see  ref.  9)  behind  a 
detonation  wave  to  estimate  the  perturbation  of  lateral 
rarefaction  on  the  detonation  velocity  in  cylinders  (the 
diameter  effect).  Eyrlng(lO,  11,  4)  used  theoretical 
arguments  to  show  that  the  detonation  in  cylinders  would 
have  a  curved  front  due  to  lateral  expansion  and  then 
developed  an  alternate  perturbation  theory  on  diameter 
effect.  In  addition  the  group  under  Eyring  at  Princeton 
undertook  to  explain  many  of  the  non-steady  effects  in 
detonation  by  use  of  approximate  theory.  Many  of  these 
approximations  can  now  be  improved  upon  but  they  still  are 
useful  in  giving  a  mathematical  "feel"  for  the  problems. 
The  papers  remain  an  interesting  and  useful  source  of 
ideas.  Another  source  of  theoretical  concepts  is  the  work 
of  Finklestein  and  Gamow(l2).  A  number  of  additional 
references  pertinent  to  the  early  work  on  non-steady  deto¬ 
nation  is  to  be  found  in  a  recent  survey  paper  by  the 
author ( 13 ) • 


Post  World  War  II  Research 


The  period  1945~1950  saw  limited  activity  in  non¬ 
steady  detonations.  Eyster,  Smith  and  Walton(l4) 
developed  a  gap  test  in  which  wax  was  used  as  the  inert 
barrier.  They  reported  50^  gaps  for  a  number  of  explo¬ 
sives,  They  explored  the  effect  of  gap  material  and 
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donor  charge  height  as  wello  The  result  of  the  work  gave 
us  relative  values  for  minimum  shock  strength  needed  to 
Initiate  explosives  of  various  composition^,  density  and 
state  o 


Bowden  stimulated  considerable  thought  on  explo¬ 
sive  initiation  by  his  papers  of  this  periods  The  work 
is  summed  up  in  Bowden  and  Yoffe(l5)o  Of  particular 
Interest  Is  the  experimental  work  concerning  deflagration 
to  detonation  transition.,  Deflagration  was  initiated  by 
mild  imnact  or  by  spark  discharge o  Along  similar  lines 
Roth(l6)  described  a  number  of  experiments  on  deflagration 
to  detonation  at  the  First  OMR  Symposium  on  Detonation o 
The  non-steady  aspects  of  detonation  were  touched  on  in 
several  other  papers  of  that  symposlurao  The  following 
should  be  mentioned s  a)  Initiation  of  detonation  In  PETM 
by  an  exploding  wire  (Dewey)  j  b)  Small  scale  gap  test^, 
Anomalies  In  the  Detonation  of  Hydrazine  Mononitrate 
(Price )j  q)  Comments  on  Chemical  Aspects  of  Detonation 
(Lewis) I  d)  Non-statlonary  Detonation  Waves  in  Gases 
(Klstlakowsky ) 5  e)  Some  comments  on  the  reaction  zone  In 
detonation  of  finite  charges  (Jacobs )|  f)  An  Introduction 
to  the  Goranson  experiment  on  detonation  pressure  and 
shock  Hugoniots  for  solids  (Ablard)i  g)  Boundary  Effects 
on  Detonation  Velocity  (Parlln  and  Eyring)„ 

An  Important  result  concerning  the  shock  to  deto¬ 
nation  transition  was  found  by  Mooradlan  and  Gordon (l7) 
in  a  study  on  gases o  They  observed  that  both  the  shock 
front  velocity  and  peak  pressure  increased  In  the  reactive 
gas  after  entry  of  a  shock  leading  in  most  cases  to  an 
"overshoot”|  loeo^,  a  value  in  excess  of  that  for  a  steady 
detonation o  They  remarked; 

"There  can  be  little  doubt  that  the  pressure  rise 
behind  the  shock  front  is  due  to  combustion  of 
the  gases  in  this  region „  Flames  situated  some 
distance  behind  a  shock  front  have  often  been 
observed  photographically »  The  gas^,  compressed 
and  heated  In  the  shock  fronts  begins  to  react 
slowly,  and  the  reaction  accelerates  from  self¬ 
heating  „  Accompanying  the  rise  In  pressure  due 
to  the  combustion,  there  will  be  a  flow  of  gas 
out  of  the  burning  region  „  This  gas  flow  v/lll 
serve  to  reinforce  the  shock  wave,  which,  thus 
intensified,  will  Initiate  a  still  more  rapid 
combustion  in  the  fresh  gaSo  Thus  the  effect  can 
be  rapidly  accumulative,  until  at  some  point, 
presumably  when  the  shock  wave  is  sufficiently 
strong,  the  phenomenon  takes  on  the  characteristics 
of  a  detonation „  In  this  ‘’build-up'’  period.  Just 
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prior  to  detonation,  pressures  considerably 
higher  than  the  stable  detonation  pressure 
sometimes  appear, - "<> 

This  observation  and  Interpretation  for  gaseous  Initiation 
appears  applicable  to  the  shock  initiation  of  solids  and 
liquids  as  well,  (See  comments  by  the  wrlter(l8).  Many 
other  workers  have  independently  arrived  at  the  same  con» 
elusion.) 

In  the  course  of  studies  on  the  shock  Initiation  of 
nltromethane  at  Los  Alamos  an  Interesting  experiment  was 
devised  by  T.  P.  Cotter ( 19)  to  observe  the  time  of  initial 
shock  entry  Into  a  bath  of  the  explosive,  the  luminosity 
developed  by  reaction  as  a  function  of  time  and  the  shock 
pressure  responsible  for  the  Initiation,  The  transparent 
liquid  was  shocked  by  an  oblique  shock  through  a  barrier 
containing  a  mirrored  surface.  The  experiment  was  arranged 
so  that  light  from  a  region  already  reacting  reflected  off 
the  mirror  Into  a  smear  camera.  The  time  of  shock  entry 
was  clearly  obtained  In  this  way  by  light  cut-off.  Later 
the  camera  sees  light  due  to  reaction.  Varying  the  barrier 
thickness  permitted  observations  on  "induction  time"  vs, 
shock  amplitude.  The  use  of  velocity  synchronization  of 
the  phase  velocity  across  the  boundary  to  the  smear  camera 
velocity  sharpened  up  the  details  considerably.  Shock 
strengths  were  determined  in  separate  experiments  by  using 
reflected  light  intensity  at  the  shock  front  to  determine 
the  Index  of  refraction  of  the  shocked  explosive.  Index 
changes  were  related  by  the  Lorenz  law  to  the  density  In 
the  shocked  liquid.  Control  experiments  with  Luclte 
showed  the  Index  of  refraction  measurements  to  give  den¬ 
sities  In  agreement  with  those  found  by  more  conventional 
methods.  In  nltromethane  mixtures  the  records  showed  a 
dark  zone,  an  abrupt  change  to  a  zone  of  moderate  light 
Intensity  followed  by  a  second  abrupt  change  to  a  high 
luminosity  which  gradually  decayed  to  a  steady  value.  In 
Interpreting  the  records  Cotter  made  no  distinction  as  to 
where  the  luminosity  was  arising  In  relation  to  distance 
from  the  boundary.  He  Interpreted  the  brightest  flash  as 
Indicating  quite  nearly  the  time  to  complete  reaction. 

The  earlier  Intensity  Increase  was  hypothesized  to  be  due 
to  partial  reaction.  Times  from  shock  entry  to  either 
light  change  are  proportional  to  each  other  so  that 
selecting  either  as  an  Induction  time  would  cause  no  great 
error  In  Interpreting  the  records  In  terras  of  an  Arrhenius 
equation  for  chemical  reaction®  Chalken(20)  has  raised 
a  question  as  to  the  Interpretation  of  the  observed  time 
of  peak  luminosity.  He  has  suggested  (and  there  Is  good 
argument  to  follow  his  suggestion)  that  the  peak  luminos¬ 
ity  arises  from  a  detonation  In  pre-shocked  explosive 
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overtaking  the  shock  front o  The  decay  to  normal  luminosity 
is  then  easily  explained  as  the  decay  of  an  overdrlver 
detonation o  The  first  luminosity  to  appear  has  been  sug° 
gested  by  Chalken  to  be  light  from  a  detonation  originating 
at  the  interface  with  the  shock  degrading  mirror »  (A  paper 
by  Chalken(2l)  at  the  3rd  Detonation  Symposium  indicates 
that  he  will  discuss  this  point  in  greater  detail® ) 

A  question  raised  by  this  interpretation  is  "why  should 
the  luminosity  of  a  shock  in  a  precompressed  region  be  less 
than  that  in  an  uncompressed  region?"  One  answer  suggested 
Is  that  the  temperature  of  this  detonation  is.  In  fact, 
lower  than  that  of  a  normal  detonation®  This  could  be  the 
case  if  the  internal  energy  in  a  highly  compressed  medium 
is  very  large®  Many  workers  on  equation  of  state  believe 
this  Is  so®  The  paper  by  Cotter  makes  interesting  reading® 
It  contains  many  novel  ideas  and  techniques  for  the  study 
of  detonation  phenomena® 

Smear  camera  records  of  the  initiation  of  an  explO'° 
slve  (Pentollte)  by  an  air  shock  from  a  donor  charge  were 
discussed  by  Sultanoff  and  Ballley(32)  in  a  BRL  Report® 

It  was  shown  that  the  steady  detonation  trace  in  the 
acceptor  (seen  on  the  charge  surface)  when  extrapolated 
back  to  the  air^acceptor  boundary  always  indicated  a  time 
later  than  the  time  of  arrival  of  the  air  shock  at  the 
boundary®  Through  this  observation  the  expression 
"delay^tlme"  seems  to  have  been  coined®  Delay  times  were 
reported  for  several  air  gap  distances®  A  later  paper  from 
BRL  by  McVey  and  Boyle (33/  extends  the  work  on  "sympathetic 
detonation"  to  Composition  B®  The  Sultanoff  paper  contains 
a  few  flash  radiographs  of  the  initiation  of  the  acceptor® 
It  is  unfortunate  that  the  reproductions  are  rather  poor 
because  the  technique  should  be  of  great  value  in  answering 
some  key  questions  concerning  the  flows  occurring  behind 
the  initial  shock® 

At  the  27th  International  Congress  of  Industrial 
Chemistry  (Brussels,  195^)  two  papers  of  Interest  were 
presented®  Shamgar(22)  describes  a  gap  test  similar  to 
that  of  Eyster®  To  show  the  precision  of  the  cut-off  gap, 
data  was  presented  on  the  percentages  of  detonations  vs® 
gap  height  using  20  trials  at  each  of  seven  gap  heights® 

The  data  shows  a  normal  distribution  in  the  frequency  of 
detonations  for  both  TNT  and  Pentollte®  The  standard 
deviation  of  the  50^  point  is  about  1^  of  the  critical 
gap®  Winning  and  Sterling (23)  presented  some  interesting 
Argon  flash“bomb  photographs  on  the  initiation  of  Pentollte 
cylinders  by  spherical  shocks  in  water  from  the  detonation 
of  a  Pentollte  sphere  initiated  at  its  center®  Features 
of  the  shocks  and  product  of  detonation  are  clearly  seen 
for  various  stages  of  the  Initiation  process® 
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It  was  about  the  time  of  the  Second  ONR  Symposium 
on  Detonation  (February  1955)  that  we  began  to  see  an 
upsurge  of  Interest  in  the  study  of  non-steady  detonations. 
By  this  time  a  "feel”  had  been  acquired  for  hydrodynaralcal 
problems  associated  with  detonation  through  the  work  of 
Gorenson,  Walsh,  Schall,  and  Pack  to  mention  a  few  of  many 
contributors.  (See  reference  13  for  bibliography).  The 
Idea  of  reaction  In  shocks  and  rarefaction  waves  was 
beginning  to  replace  the  ambiguous  concept  of  low  order 
detonation.  At  the  Second  ONR  Symposium  on  Detonation 
a  paper  given  by  Kirkwood  and  Wood (25)  described  the 
structure  of  steady  state  plane  detonation  waves  with 
finite  reaction  rates  In  formal  mathematical  terms, 

A  second  paper  on  diameter  effect (26)  was  discussed  by 
these  authors  with  equal  formalism,  A  particularly  Inter¬ 
esting  report  on  non— steady  effects  In  the  detonation  of 
liquids  and  single  crystals  was  presented  by  Campbell, 

Malln  and  Holland (27).  They  described  failure  waves  In 
nltromethane,  showed  the  effect  of  thin  foils  In  sustaining 
detonation.  Illustrated  a  failure  In  detonation  In  nitro- 
methane  on  emerging  Into  a  large  container  after  propa¬ 
gating  In  a  tube  and  described  the  first  wedge  experiment 
to  observe  the  transient  wave  propagation  when  a  single 
crystal  of  PETN  was  shocked  by  a  plane  shock  wave.  This 
latter  experiment  showed  Initially  a  shock  In  the  crystal 
(it  was  called  low-order  detonation)  followed  by  an  over¬ 
shoot  In  velocity  which  subsequently  dropped  back  to  normal 
detonation  velocity.  The  result  Is  strikingly  similar  to 
that  described  by  Mooradlan  and  Gordon  for  gases.  An 
amplification  of  the  single  crystal  experiment  appears  In 
reference  28.  Some  very  precise  measurements  on  the 
effect  of  particle  size  and  diameter  on  detonation  velocity 
were  presented  by  Malln,  Campbell  and  Mautz(29).  Wew 
experimental  evidence  on  the  low  velocity  detonations  In 
liquids  and  loose  solids  was  presented  by  Gizrton(30). 
Dewey(3l)  reported  on  the  results  of  projectile  Impact  In 
Initiating  detonation.  The  most  significant  conclusion 
In  this  paper  was  that  when  blunt  nosed  cylinders  were  fired 
at  the  explosive  the  velocity  of  Impact  to  cause  detonation 
was  Independent  of  the  projectile  length  but  dependent  on 
Its  diameter.  The  shortest  projectile  used  was  1/2  long. 
Diameters  were  0.3  and  0.5",  Work  by  Whitbread  and  his 
associates  to  be  described  later  confirmed  this  result 
and  added  significantly  to  Its  Interpretation. 

A  classified  meeting  concerned  with  detonation 
wave  shaping  held  at  the  Jet  Propulsion  Laboratory  In 
June  1956  brought  out  several  unclassified  papers  on  shock 
Initiation  and  a  lively  discussion  on  the  subject. 
MaJowlcz(34)  described  an  experiment  in  which  pellets  of 
explosive  were  initiated  by  an  oblique  shock.  The 


791 


Jacobs 


”delay“tirae'*  was  correlated  with  the  surface  velocity 
Induced  lo  an  aluminum  gap  when  the  explosive  pellet  was 
not  presents  SultanoffT35)  showed  both  smear  and  framing 
camera  records  of  the  initiation  of  an  acceptor  through 
air  and  steel  for  both  end  shocks  from  a  donor  and  oblique 
shocks  in  a  sandwich  arrangement©  The  latter  showed  the 
arrival  of  the  shock  in  the  acceptor  quite  clearly  by  a 
surface  effect  and  showed  break«out  of  detonation  to  occur 
at  a  point  removed  from  the  Interface  as  Is  customarily 
observed  for  axially  symmetric  donor=»gap~aceeptor  arrange^ 
raentSo  Cosner  and  Sewell (36)  presented  smear  camera 
results  on  the  Initiation  of  cylindrical  Composition  B 
charges  by  cylindrical  donors  through  blocks  of  steel  of 
varying  thickness©  The  charges  were  2»>l/8  Inch  diameter^ 

3  Inches  long  and  the  barrier  plates  were  7"  diameter©  It 
was  found  that  break=>out  of  detonation  in  the  acceptor 
occurred  as  far  as  68  mm  (over  2«l/2  inches)  from  the 
aeceptor=barrler  Interface©  An  unusual  result  was  that 
within  experimental  error  the  break»out  distance  for 
varying  barrier  plate  thickness  was  linear  with  time 
reckoned  from  the  time  of  entry  Into  the  acceptor  In  the 
range  of  15  to  68  mm  from  the  Interface©  The  apparent 
velocity  of  the  primary  wave  deduced  from  the  slope  of 
the  break“Out  dlstance-tlme  curve  was  given  as  2®5^ 
mm/^seCj,  a  value  very  nearly  that  of  an  acoustic  wave^ 
loCos  a  wave  of  low  pressure  amplitude  which  could  be 
either  an  elastic  or  a  plastic  wave©  The  results  of 
Cosner  and  Sewell  have  been  verified  by  other  workers 
(41^  42f,  45)0  An  impromptu  discussion  of  the  shock  to 
detonation  transition  was  presented  by  the  writer  at  this 
raeetlng(l8)„  The  problem  was  primarily  discussed  In  one-” 
dimensional  hydrodynamic  terms  because  under  these  con- 
ditlons  the  description  of  the  flow  and  compression  effects 
is  considerably  simplified©  In  essence  it  was  postulated 
that  the  temperature  rise  accompanying  compression  due  to 
the  shock  entering  an  explosive  initiated  a  reaction  first 
at  the  boundary  to  the  barrier  and  later  behind  the  shock 
as  It  progressed©  When  significant  reaction  Is  complete 
at  the  boundary  It  will  result  In  additional  temperature 
rise  and  a  pressure  Increase©  The  temperature  rise 
accelerates  the  reaction j  the  pressure  Increase  propagates 
as  a  wave  to  accelerate  the  shock  in  a  manner  as  previously 
quoted  from  Mooradian  and  Gordon©  Eventually  the  reaction 
Is  so  fast  that  at  some  point  In  the  medium  a  true  deto¬ 
nation  is  formed.  It  may  develop  as  a  continuous  acceler¬ 
ation  of  the  shock  front  or  it  may  develop  behind  the 
primary  shock  and  overtake  the  latter©  In  the  event  that 
a  high  pressure  wave  develops  behind  the  primary  shock  It 
is  probable  that  the  wave  front  will  temporarily  exper¬ 
ience  an  "overshoot"  in  velocity,  i.e©,  an  overdriven 
detonation  Is  formed©  This  overdriven  wave  will  then 
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decay  to  a  normal  detonation  for  lack  of  support.  It  was 
pointed  out  that  In  the  Initiation  of  cylinders  one  must 
add  the  effect  of  rarefaction  waves  due  to  lateral  expan¬ 
sion.  Transition  to  detonation  appears  to  be  a  competition 
between  acceleration  effects  on  the  shock  wave  due  to 
reaction  and  decelerating  effects  due  to  rarefaction.  The 
same  thesis  had  been  voiced,  though  In  less  detail.  In  the 
Cosner-Sewell  paper.  It  has  apparently  been  accepted.  In 
principle,  by  most  workers  In  the  field.  In  extending 
this  theory  to  apply  to  finite  charges  only  rarefaction 
effects  have  seemed  to  be  required  as  a  dominant  variable. 
A  few  workers,  notably  the  explosives  group  at  Utah  Univer¬ 
sity,  have  held  to  the  theory  that  long  range  heat  transfer 
is  a  dominant  factor  In  the  growth  of  detonation  from  a 
shock.  The  papers  of  this  group  first  considered  heat 
transfer  through  the  barrier  plate  as  a  necessary  condition 
for  detonation.  As  a  consequence  their  papers  have 
repeatedly  referred  to  the  barrier  as  a  "shock  pass  heat 
filter".  Later  the  Idea  of  a  heat  pulse  from  the  donor 
seems  to  have  been  dropped  in  favor  of  a  heat  pulse  from 
the  early  reaction  at  the  boundary.  To  account  for  a 
strong  thermal  pulse  observations  which  indicate  that 
strong  shocks  cause  the  explosive  medium  to  become  an 
electrical  conductor  (formation  of  a  metallic  state)  are 
used.  In  applying  these  arguments  the  "heat  pulse"  seems 
to  have  been  given  properties  not  described  by  the  usual 
heat  conduction  equations.  Recent  theoretical  work  being 
reported  by  Enlg  based  on  the  Navler-Stokes  equation 
(equations  of  motion  with  heat  transfer  and  viscosity 
Included)  lead  us  to  believe  that  even  abnormally  large 
heat  transfer  coefficients  cannot  cause  the  thermal  term 
In  the  equations  to  take  precedence  over  the  momentum 
terms  in  determining  the  transient  flow  or  the  reaction. 
Heat  transfer  is  a  contributing  factor  whenever  a 
surface  burning  reaction  is  present.  It  has  been  found 
to  have  some  small  effect  in  rounding  off  the  shock  fronts 
but  this  appears  to  be  extremely  short  range  In  the 
mathematical  analysis. 

The  reactions  taking  place  behind  a  shock  wave 
can  be  considered  as  deflagrations  if  one  chooses. 

Courant  and  Friedrichs  (reference  9,  p.  208)  have  dis¬ 
cussed  deflagrations  in  this  sense.  They  go  even  further 
to  show  a  Chapman -Jouguet  detonation  as  a  combination  of 
a  shock  and  a  Chapman-Jouguet  deflagration.  We  could 
therefore  call  a  shock  initiation  event  as  a  transition 
from  non-CJ  to  CJ  deflagration  behind  a  shock.  When  the 
workers  studying  potential  runaway  of  the  burning  In 
solid  propellants  coined  the  amusing  letters  DDT  they 
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Implied  a  definition  which  referred  to  transition  from 
flame  initiated  burning  to  detonation o  Since  DDT  has 
now  been  given  more  than  one  meaning  it  seems  necessary 
that  the  specific  meaning  be  more  precisely  spelled  outo 

In  May  of  1957  the  Royal  Society  (London)  sponsored 
a  "Discussion  on  the  Initiation  and  Growth  of  Explosion  In 
Solids"  under  the  leadership  of  Dr<.  Po  Bowden(37)« 

Seven  papers  were  presented  on  the  growth  of  explosion o 
Yoffe(38)  confined  his  remarks  largely  to  growth  of  explo¬ 
sion  from  small  centers  in  primary  materials®  He  pointed 
out  the  importance  of  break-up  of  crystals  in  reaction  of 
solids®  This  may  be  a  worthy  clue  to  follow  In  regard  to 
some  of  the  yet  unexplained  details  In  the  initiation  of 
cylindrical  acceptors  by  relatively  weak  shocks®  Andreev 
(39)  also  pursued  the  thesis  of  break-up  In  the  initiation 
of  solids^  suggesting  that  fast  reaction  rates  develop  due 
to  a  suspension  of  solid  explosive  in  the  gaseous  products® 
His  arguments  concerning  charges  of  low  bulk  density 
require  no  mechanism  for  break-up  since  the  porosity  is 
already  present®  In  this  case  the  discussion  resembles 
that  of  Klstokowsky(58) o  He  suggests  that  liquids  can 
form  droplets  near  a  shock  front  due  to  instability  and 
turbulent  effects®  The  remarks  made  seem  well  worth 
considering  in  regard  to  both  shock  to  detonation  transition 
and  in  regard  to  the  runaway  deflagration  of  explosives 
and  propellants® 

Various  aspects  of  the  donor-gap-acceptor  experi¬ 
ment  were  discussed  in  the  5  remaining  papers®  Cachla 
and  Whitbread (40)  discussed  details  of  a  small  scale  gap 
test®  They  indicate  how  the  shock  pressure  decays  with 
distance  in  a  brass  cylinder  shocked  by  a  donor  charge 
and  show  examples  of  shock  velocity  acceleration  and  decay 
in  acceptor  charges®  Their  theory  of  the  mechanism  of 
shock  Initiation  parallels  the  picture  previously  dis¬ 
cussed®  Eichelberger  and  Sultanoff (4l)  describe  gap  tests 
with  smear  and  framing  cameras  and  point  out  that  initi¬ 
ation  by  Impact  from  a  high  speed  projectile  produces  the 
same  transition  history  as  does  the  shock  from  an  inert 
barrier.  The  discussion  supports  the  theory  on  initiation 
already  mentioned®  Air  shock  pressures  from  donor  charges 
were  given®  They  show  an  apparent  order  of  magnitude 
difference  between  amplitude  of  shocks  through  air  and 
shocks  through  solids  in  the  initiation  of  an  acceptor® 

This  apparent  difference  is  likely  to  vanish  when  reflected 
pressures  and  subsequent  pressure  build-up  due  to  gas  flow 
from  the  donor  is  taken  Into  consideration®  Further 
evidence  confirming  the  findings  of  Cosner  and  Sewell  are 
to  be  found  in  the  paper  by  Cook,  Pack  and  Gey (42)® 

A  later  paper  by  this  group  and  L®  N®  Cosner (45)  amplifies 
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on  the  experimental  work  and  discusses  the  "heat  pulse" 
hypothesis, 

Marlow  and  Skidmore (43)  used  a  pin  probe  method 
to  determine  the  shock  front  velocity  in  both  gap  material 
and  acceptor  charge  of  a  typical  gap  experiment.  From 
their  measurements  shock  pressure  In  the  gap  material 
(steel  or  aluminum)  was  determined  as  a  function  of 
"initiation  delay".  Application  of  Impedance  conditions 
between  barrier  and  acceptor  Indicated  that  a  20  kllobar 
peak  pressure  In  the  explosive  (Composition  B)  was  about 
the  lower  limit  for  causing  detonation  In  2  Inch  diameter 
charges.  They  Inferred  that  both  peak  pressure  and  the 
shape  of  the  pressure  decay  behind  the  shock  wave  are 
Important  In  determining  the  transition  to  detonation. 

The  conditions  for  build-up  to  detonation  are  Interpreted 
In  terms  of  the  model  In  which  competition  of  rarefaction 
waves  and  reaction  effects  determine  whether  the  shock 
will  accelerate  to  a  detonation,  Wlnnlng(44)  described 
some  new  experimental  work  following  the  underwater  shock 
methods  previously  used  by  hira(23).  The  experimental 
arrangement  using  a  spherical  donor  charge  In  a  large  water 
bath  Is  particularly  attractive  because  the  shock  wave  in 
the  water  has  spherical  symmetry.  Consequently  the  peak 
pressure  and  the  pres sure -time  relation  behind  the  shock 
can  be  defined  with  precision.  Winning  has  used  the 
results  published  In  Cole's  "Underwater  Explosions 
(Princeton  Press,  1948)  to  define  pressure  in  the  water 
with  distance.  Somewhat  better  results  could  be  obtained 
today  by  using  the  shock  velocity  In  the  water  and  the 
better  Hugonlot  equation  of  state  for  water  which  Is  now 
available.  The  data  Indicate  that  shock  pressure  of  the 
order  of  10  kllobars  In  the  water  will  Initiate  detonation 
in  the  50/50  Pentollte  charges  Investigated.  A  number  of 
experiments  with  modified  boundaries  near  the  acceptor 
are  described. 

The  gap  experiments  used  by  most  Investigators 
yield  useful  results  on  relative  shock  sensitivity  and 
permit  one  to  see  qualitative  features  of  the  processes 
taking  place.  They  are  difficult  to  Interpret  quantita¬ 
tively  in  tei*ms  of  pressure  vs.  time  since  the  waves  and 
flows  In  both  barrier  and  acceptor  are  Influenced  by  both 
lateral  rarefactions  and  rarefactions  In  the  direction  of 
the  donor  charge  (the  so-called  Taylor  wave).  Though 
more  difficult  to  perform,  experiments  with  large  donor 
charges  which  are  plane  wave  initiated  should  be  easier 
to  Interpret  since  one-dimenslonal  hydrodynamic  equations 
should  be  very  nearly  applicable  to  their  analysis.  The 
wedge  experiment  of  references  27  and  28  and  the  large 
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scale  experiment  of  reference  19  suggested  to  Majowlcz  and 
Jacobs (46)  a  method  for  observing  the  shock  to  detonation 
transition  in  essentially  a  one-dimensional  3ystera«  In 
order  to  be  able  to  work  with  weak  shocks  in  the  acceptor 
and  to  apply  the  method  to  relatively  opaque  solids  a 
wedge  experiment  was  devised  in  which  the  arrival  oi*  a 
shock  on  a  25°  wedge  of  acceptor  was  signalled  by  the 
interruption  of  light  reflected  from  an  exploding  wire  by 
a  metallized  plastic  film  attached  to  the  surface »  The 
shallow  wedge  angle  of  25°  makes  it  almost  certain  that 
the  surface  blow-off  after  shock  arrival  on  the  thin  side 
of  the  wedge  will  not  perturb  subsequent  shock  and  reaction 
effects  associated  with  the  remainder  of  the  shocked 
explosive o  Smear  camera  records  were  made  of  both  the 
boundary  effect  in  the  acceptor  wedge  and  the  motion  of 
the  barrier  plate  through  which  the  explosive  was  shocked « 
This  gives  sufficient  data  to  determine  points  on  the 
non=-reactlon  Hugonlot  for  the  explosive  as  well  as  to 
determine  the  progress  of  the  shock  wave  in  its  transition 
to  detonation,,  Much  as  predicted  the  transition  in  several 
cast  explosives  appears  as  a  continuous  build-up  to  deto¬ 
nation  velocity  without  overshoots  In  some  solids  more 
recently  studied^,  e^g,  TNT  and  Composition  B  at  about 
90^  of  theoretical  density  the  transition  involved  an 
overshoot  to  a  velocity  in  excess  of  normal  followed  by  a 
decay  to  normal  detonation  velocltyo  This  result  is  very 
much  like  that  described  in  reference  28  for  a  single 
crystal  of  PETN„  The  Hugonlot  data  published  in  reference 
46  was  later  found  to  be  in  error  due  to  a  drop-off  in 
free  surface  velocity  of  the  barrier  plate  in  the  region 
where  the  measurement  was  raade»  A  second  error  was  intro¬ 
duced  by  using  shock  impedance  relations  to  determine  the 
initial  particle  velocity  and  pressure  in  the  acceptor 
explosive o  After  correcting  the  data,  using  the  measure¬ 
ments  of  Drlmraer  for  the  free  surface  velocity  of  the 
brass  barrier  and  Walsh's  data  for  the  Hugonlot  of  brass 
it  is  found  that  the  shock  pressures  for  the  HE  previously 
quoted  should  be  reduced  by  approximately  20^o  The  com¬ 
pressed  density  will  also  decrease.  Details  will  be 
reported  in  the  unclassified  write-up  to  be  Issued  in  the 
not  too  distant  future. 

A  classified  conference  on  explosive  sensitivity 
held  at  NOL  in  1957  resulted  in  several  papers  on  shock 
Initiation.  These  may  be  found  in  Reference  47.  One 
report  (Rice  and  Levine)  will  be  singled  out  because  it 
describes  a  new  approach  to  the  study  of  the  effect  of 
shocks  on  chemical  decomposition.  A  perchlorate  poly- 
urethan  propellant,  l"  square  cross-section,  was  subjected 
to  a  modest  shock  from  a  1-5/8"  diameter  plane  wave 
booster  (baritol-pentolite)  through  1  inch  of  steel. 
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The  shocked  charge  was  recovered,  sectioned,  and  analyzed. 
It  was  found  that  the  amount  of  perchlorate  In  the  samples 
had  decreased}  the  greatest  decrease  occurring  at  points 
In  the  charge  where  the  shock  amplitude  would  have  been 
greatest.  The  shocks  were  much  too  weak  to  have  resulted 
in  appreciable  temperature  rise  on  the  average.  One  must 
conclude  that  local  regions  had  been  subjected  to  suf¬ 
ficiently  high  energy  to  cause  decomposition.  Hot  spots 
were  postulated  as  being  formed.  One  should  not  rest  with 
this  conclusion.  Local  Inhomogeneltles  can  cause  shears 
or  fractures  and  these  could  be  the  means  of  hot  spots  for 
motion. 


The  mechanism  for  build  up  to  detonation  from  shock 
has  been  one  of  the  problems  undertaken  by  Aernutronlcs 
under  a  Bureau  of  Ordnance  Contract  on  the  "Study  of 
Detonation  Behavior  of  Solid  Propellants".  Their  first 
and  second  Quarterly  Reports (48)  describe  the  computation 
of  shock  to  detonation  transition  In  a  one  dimensional 
model  based  on  the  equations  of  motion  without  heat  trans¬ 
fer  and  viscosity  terms  and  based  on  an  Arrhenius  equation 
for  chemical  reaction.  Although  the  number  of  points  used 
In  a  von  Neumann  Rlchttayer  approach  to  the  numerical  solu¬ 
tion  Is  small,  the  results  show  clearly  the  onset  of 
reaction  at  the  point  where  the  shock  begins  and  a  reactive 
wave  overtaking  the  primary  relatively  unreactlve  shock. 

Two  examples  are  shown  In  which  the  Initial  pressure  pulse 
Is  cut  off  after  a  time,  .  They  show  a  distinction 
between  failure  to  detonate  and  bulld-up  to  detonation. 

The  time  difference  Is  very  small  in  the  examples  chosen 
being  ^  »  0,70  ^  sec  as  sufficient  to  establish  a  deto¬ 
nation  and  ^  e  0.69  for  failure  to  detonate.  The  work  was 
subsequently  published  by  Hubbard  and  Johnson(49).  Later 
work  under  this  contract (93)  has  Included  a)  the  varying  of 
the  parameters}  b)  Introduction  of  a  model  for  decomposi¬ 
tion  combining  homogeneous  and  surface  burning  reaction  In 
competition  with  each  other}  c)  addition  of  dissipation 
to  simulate  lateral  expansion}  and  recently  d)  an  attempt 
to  Introduce  heat  transfer  and  viscosity  terms  In  the 
equation  of  motion.  At  this  stage  of  the  work  It  Is  quite 
evident  that  the  bulld-up  to  detonation  can  be  demonstrated 
mathematically  without  recourse  to  the  Inclusion  of  heat 
transfer  or  viscosity  effects. 

Brown,  Steel  and  Whitbread ( 51 )  reporting  on  the 
Impact  of  metal  cylinders  to  initiate  explosives  showed 
that  the  velocity  for  50^  probability  of  detonation  was 
Independent  of  length  until  the  length  was  In  the  vicinity 
of  1/4  to  1/10  of  the  diameter.  For  3  metals  at  a  given 
diameter  It  was  shown  a)  that  the  time  for  sustaining  the 
shock  to  effect  detonation  In  the  explosives  was  Independent 
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of  the  metal  used^  and  b)  the  amplitude  of  the  shock  In 
the  explosive  was  also  independent  of  the  metal  used^ 

This  result  may  be  taken  as  experimental  evidence  of  the 
amplitude “time  dependence  for  go^no  go  predicted  by 
numerical  calculations  as  cited  above^  The  critical 
thickness  In  cylinder  impact  at  a  given  velocity  Is  Indic¬ 
ative  of  the  condition  that  for  long  cylinders  lateral 
rarefaction  In  either  the  HE^  or  the  metal j,  or  both  deter- 
mine  the  effective  duration  of  the  pressure  pulse o  For 
thin  disks  the  thickness  determines  the  pulse  duration o 
The  critical  cylinder  height  may  be  assumed  as  that  at 
which  rarefactions  from  the  rear  are  strongly  adding  to 
the  lateral  rarefaction  to  quench  reaction  build-up »  One 
would  expect  for  higher  impact  velocities  In  a  given 
diameter  that  the  back  rarefaction  would  become  completely 
controllingo 

In  the  studies  of  detonation  propagation  and  also 
in  shock  Initiation  some  unusual  effects  have  been 
reported o  In  discussion  of  the  card  gap  test  using  nltro- 
methane  as  the  acceptor ^  Van  Dolah  and  his  coworkers (52) 
showed  the  50^  gap  was  increased  when  aluminum  was  sub¬ 
stituted  for  steel  as  the  confining  tube.  Both  tubes  were 
of  equal  wall  thickness „  One  might  attribute  this 
reversal  of  expectation  to  a  catalytic  effect  of  the 
aluminum.  In  another  report  by  this  group(53)  on  an 
amine-nitric  acid  mixture,  however,  one  finds  that  the  gap 
height  Is  also  Increased  when  the  wall  thickness  of  alu¬ 
minum,  steel  and  glass  Is  decreased.  This  result  suggests 
that  either  a  flow  effect  at  the  boundary  between  the 
acceptor  and  the  container  or  a  rarefaction  may  be  respon¬ 
sible  for  the  apparent  Increase  In  sensitivity,  Adams, 
Holden  and  Whitbread ( 54)  reporting  on  the  shock  Initiation 
of  single  crystals  of  KDX  have  shown  a  related  anomaly. 

They  found  instances  in  which  the  crystal  was  Initiated  at 
the  free  boundary  of  the  crystal.  They  suggest  fracture 
and  spalling  Into  air  as  a  possible  explanation  of  their 
result,  Winnlng(55j  l)  has  found  a  case  In  which  nitro¬ 
glycerine  was  not  Initiated  by  the  shock  from  a  detonator 
or  through  a  gap  but  in  which  subsequent  Initiation 
occurred  In  a  region  where  rarefactions  from  the  lightly 
confined  boundaries  was  undoubtedly  present.  Similar 
results  were  found  by  the  Bureau  of  Mines  group(2). 

An  opposite  effect  has  been  found  by  a  number  of 
workers,  Johansson,  et  al(56)  found  that  detonation  in  a 
dynamite  charge  in  a  polyethylene  tube  of  greater  inner 
diameter  than  the  charge  diameter  could  be  quenched  after 
Initiation,  The  effect  was  explained  by  noting  that  air 
shocks  could  travel  ahead  of  the  detonation  and  precorapress 
the  charge.  This  explanation,  which  appears  to  be  correct, 
indicates  that  for  mild  compressions  the  effect  of  change 
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In  density  due  to  compression  can  more  than  offset  the 
adiabatic  heating  In  determining  whether  a  detonation  will 
propagate  In  a  given  diameter.  More  recently  a  similar 
but  even  more  unexpected  result  was  found  by  workers  at 
UCLRL  (Welngart  and  Eby).  A  follow-up  on  the  latter  work 
by  Llddlard  and  Drlramer(57)  has  confirmed  that  detonation 
in  thin  layers  of  duPont’s  EL-506  could  be  quenched  when 
the  detonation  encountered  a  region  in  which  a  shock  of 
about  10-20  kllobars  peak  amplitude  was  traveling.  The 
Livermore  group  has  actually  recovered  part  of  the  explo¬ 
sive  in  these  experiments.  These  results  lend  further 
evidence  to  the  Interpretation  that  mild  shock  compression 
In  solids  can  reduce  the  sensitivity  to  subsequent  shock 
of  high  amplitude.  Work  on  a  liquid  explosive  has  not 
produced  as  clean-cut  a  result. 


Detonations  from  Deflagatlng  Explosives  or  Propellants 

The  use  of  large  rocket  motors  containing  solid 
propellant  charges  has  pointed  up  questions  regarding 
development  of  detonation  when  the  motor  Is  Ignited  In  Its 
normal  mode  of  operation.  Deflagration  to  detonation 
transition  (DDT)  was  coined  by  workers  Interested  In  this 
problem  as  a  covering  description  of  the  research  effort. 

The  build-up  to  detonation  from  a  shock  has  been  envisioned 
as  the  final  step  of  a  series  of  events  In  which  deflagration 
might  accelerate  to  form  shocks  followed  by  the  transition 
to  detonation.  In  view  of  this  concept,  gap  tests  were 
first  undertaken  to  establish  the  Intrinsic  detonability 
of  the  materials  of  Interest.  It  was  found  that  many 
propellants  could  not  be  detonated  even  In  very  large  scale 
gap  tests  as  long  as  they  were  tested  In  manufactured  form. 
This  result  seems  to  Indicate  that  the  explosion  hazard 
of  large  propellant  grains  falling  In  this  category  must  be 
Investigated  In  experiments  to  determine  conditions  for 
deflagration  run-away  far  short  of  the  actual  detonations. 

The  literature  on  burning  to  detonation  from  fires 
Is  not  very  extensive  at  the  present  time.  Kistlakowsky (58) 
discussed  the  mechanism  whereby  a  mildly  initiated  defla¬ 
gration  could  accelerate  to  a  detonation  in  porous  beds  of 
explosive  or  propellant,  Griffiths  and  Grecock(59)  have 
discussed  experimental  measurements  and  the  theory  of 
burning  to  detonation.  A  study  of  deflagration  acceleration 
In  cast  solids  has  been  in  progress  at  the  NOL.  Macek  and 
his  coworkers (6O-63)  have  found  that  In  heavily  confined 
steel  tubes,  cast  Pentollte  and  DINA,  relatively  shock 
sensitive  explosives  would  not  accelerate  to  a  detonation 
for  a  relatively  long  distance  after  Ignition  by  a  hot 
wire.  Their  experiments  and  theory  tend  to  confirm  the 


799 


Jacobs 


belief  that  the  problem  can  be  separated  into  deflagration 
and  shock  transition  events.  It  may  be  pointed  out  that 
gap  testSi  to  be  successful,  must  be  conducted  in  diameters 
greater  than  the  critical  failure  diameter  for  the  material 
being  tested.  Failure  diameters  for  many  propellants 
appear  to  be  so  large  that  they  have  not  been  detonated 
without  introduction  of  gross  porosity.  The  Maeek  experl- 
ments  showed  1/2"  diameter  DINA  charges  (failure  diameter 
-v  1/4"  unconflned)  under  heavy  confinement  to  require 
several  Inches  of  wave  travel  from  the  initiator  before 
detonation  would  develop.  This  result  leads  the  writer 
to  believe  that  the  propellant  problem  Is  largely  in  an 
area  unexplored  by  the  explosives  workers,  an  area  linked 
to  the  effect  of  compressions  on  physical  properties  of 
the  propellant.  Explosives  workers  can  undoubtedly  con«= 
tribute  to  this  area  of  study  as  much  as  they  have  In 
more  familiar  territory. 
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An  Interpretive  Summary 

The  Influence  of  reaction  rate  on  the  Initiation 
of  detonation  and  on  the  rate  of  detonation  seetns  to  have 
been  recognized  long  before  1940.  There  was,  however,  a 
vagueness  in  describing  known  experimental  results.  The 
materials  used  in  a  detonator,  for  example,  were  classed 
as  primary  explosives  because  they  could  be  detonated  when 
stimulated  by  a  mild  thermal  energy  source  such  as  a  hot 
wire  or  a  spark.  The  classing  of  primary  explosives  as 
more  sensitive  might  also  be  accepted  as  recognition  that 
their  reaction  rates  were  higher.  Initiation  of  detonation 
by  Influence  was  experimentally  known  but  the  nature  of 
the  Influence  does  not  appear  to  have  been  understood. 

The  effect  of  diameter  and  confinement  on  detonation  rates 
was  also  experimentally  known.  The  existence  of  detonations 
which  propagated  at  low  velocity  had  been  established  and 
transition  from  low  rate  to  high  rate  under  certain  con¬ 
ditions  was  an  experimental  fact.  During  World  War  II 
two  theories  of  diameter  effect  were  born  (H.  Jones,  H. 
Eyring).  Both  recognized  that  a  finite  reaction  zone 
or  reaction  time  must  exist  In  the  wave  and  that  It  was 
the  Interplay  between  lateral  expansion  and  this  reaction 
time  which  contributed  to  a  slowing  down  of  the  detonation. 
In  the  early  40 's  a  number  of  people  struggled  with  the 
problem  of  how  the  reaction  was  Initiated  In  a  detonation 
and  how  It  proceeded.  There  was  a  strong  feeling  that 
reactions  In  homogeneous  materials  like  liquids  could  not 
be  completed  In  times  of  the  right  order  of  magnitude  If 
the  reaction  was  Ittltlated  by  adiabatic  compression  to 
detonation  pressures.  This  stumbling  block  was  removed 
to  a  great  extent  when  von  Neumann  suggested  that  a  steady 
detonation  first  displays  a  shock  compression  at  the  front 
and  the  shock  pressure  could  exceed  that  of  the  reacted 
medium.  Meanwhile  an  explanation  for  reaction  In  porous 
solids  leaned  In  the  direction  of  surface  burning  reactions 
Initiated  at  ’’hot  spots".  The  latter  Idea  was  put  Into  a 
mathematical  description  by  Eyring  and  his  coworkers. 

The  case  for  cast  solids  remained  as  a  problem  area. 

Closely  linked  to  the  diameter  effect  were  the  observations 
that  tapered  charges  exhibited  abrupt  failure  to  detonate 
when  the  propagating  wave  passed  from  the  large  diameter 
end  toward  the  small.  The  effect  has  been  treated  by 
Eyring  as  a  perturbation  of  the  diameter  effect.  The 
abrupt  failure  was  not  too  satisfactorily  explained  until 
much  later. 

The  period  1944-45  saw  the  beginnings  of  fruitful 
studies  on  the  shock  Initiation  of  detonation.  Herzberg 
in  Canada  and  Boggs  in  the  United  States  Investigated  the 
transition  from  shock  to  detonation  and  transition  effects 
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In  propagating  from  small  diameter  columns  to  large  dlara= 
eter  charges  of  the  same  composition  and  density «  Both 
types  of  experiment  gave  very  similar  results  In  smear 
camera  observations  even  though  It  Is  now  apparent  that 
there  were  some  fundamental  differences  In  the  boundary 
conditions o  In  the  experiments  where  cards  were  placed 
between  a  detonator  or  a  donor  charge  and  the  acceptor 
one  may  expect  that  the  Initial  shock  In  the  acceptor  will 
be  weaker  than  that  when  the  initiating  column  is  of  the 
same  composition  as  the  acceptor o  In  both  types  of  exper= 
Iment  we  now  see  that  rarefaction  waves  will  influence 
shock  velocity  and  reaction  rates  In  some  regions  of  the 
acceptoro  The  theories  of  Herzberg  (displaced  detonation 
center)  and  Boggs  (non^lsotroplc  propagation)  regarding 
the  observations  are  brought  Into  line  when  their  experi¬ 
ments  are  examined  In  the  light  of  hydrodynamic  flows  with 
reaction  In  which  shocks ^  rarefactions  and  reaction  rates 
are  considered  to  mutually  Influence  each  other  at  the 
same  tlmeo  In  cyllndrlcally  symmetric  experiments  It  Is 
apparent  that  the  shock  amplitude  In  the  acceptor  Is  a 
function  of  the  radius  and  of  the  tlme^  being  highest  In 
amplitude  on  the  charge  axis®  When  detonators ^  detonators 
separated  by  cards^  columns  separated  by  cards  or  low 
density  donor  charges  are  used  the  boundary  conditions 
Invariably  result  In  shocks  weaker  than  detonations  In  the 
acceptoro  Under  these  conditions  the  reaction  must  be 
Initiated  and  then  must  catch  up  to  the  shock  front  In 
order  to  have  a  detonation  In  the  acceptor.  Meanwhile 
rarefactions  follow  the  shock  compression  due  to  the  out¬ 
ward  motion  at  several  boundaries.  The  result  seen  at 
the  charge  surface  is  invariably  a  hook  or  a  dark  zone  in 
the  smear  camera  trace.  When  the  donor  column  Is  the  same 
composition  and  density  as  the  acceptor  one  might  expect 
the  detonation  to  continue  steadily  Into  the  acceptor  in  a 
cylindrical  zone  of  diameter  equal  to  that  of  the  donor 
column.  This  detonation  will  cause  a  "bow  wave"  in  the 
external  zone  and  detonation  may  be  expected  to  spread 
radially  but  show  a  delay  relative  to  uniform  spherical 
detonation  as  It  propagates  due  to  transition  effects 
behind  this  weaker  shock  wave.  Herzberg  has  records  which 
show  Just  this.  Even  though  the  detonation  never  had  to 
develop  from  a  weaker  shock  In  the  acceptor  core  the  result 
is  a  hook  in  the  wave  arrival  as  seen  at  the  charge  surface. 
It  is  clear  from  Just  the  experimental  examples  of  Herzberg 
and  of  Boggs  that  one  cannot  treat  all  cases  of  transition 
to  detonation  as  manifestations  of  the  same  thing  unless 
that  same  thing  Includes  the  interplay  between  reactions ^ 
shock,  and  rarefactions.  Likewise  one  cannot  treat  all 
reactions  In  shocks  as  being  alike.  Some  appear  to  follow 
homogeneous  reaction  laws,  others  seem  to  require  surface 
burning,  and  undoubtedly  many  require  consideration  of  the 
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competition  or  cooperation  of  more  than  one  mechanism  In 
the  reaction  model. 

Except  for  a  lull  during  the  few  years  following 
the  war  one  finds  the  subject  of  shock  Initiation  of 
detonation  as  one  of  the  dominant  areas  being  Investi¬ 
gated  In  regard  to  non-steady  propagation  Influenced  by 
reaction  effects.  The  Investigations  are  shedding  light 
on  the  problem.  This  preoccupation  Is  quite  logical. 

In  steady  detonations  the  perturbations  on  the  reaction 
are  relatively  small.  The  steady-state  conditions  tend  to 
make  people  lose  sight  of  the  chemical  reaction  as  some¬ 
thing  associated  with  a  particular  region  In  the  charge. 

We  think  of  moving  with  the  wave  not  the  particle  in 
examining  the  results  of  our  diameter  effect  experiments. 

In  shock  initiation  we  are  more  Inclined  to  begin  to  look 
at  each  region  In  a  charge  and  ask  ourselves  What  Is 
happening  to  the  material  here  and  how  does  this  compare 
with  what  Is  happening  elsewhere?”  The  recognition  of 
rarefactions  as  influences  on  reactions  lead  us  naturally 
to  attempt  to  eliminate  them  or  minimize  their  effect. 

The  Ideal  shock  Initiation  experiment  would  be  that  In 
which  an  explosive  is  subjected  to  a  step-shock  and  then 
studied  to  determine  Its  response  hydrodynamlcally  and 
chemically  to  this  shock.  We  approach  this  Ideal  by  going 
to  plane  wave  systems.  The  work  In  this  direction  has 
demonstrated  that  It  ts  possible  to  learn  much  about  explo«* 
slves  In  this  way.  Equally  Important  Is  the  fact  that 
reducing  experiments  to  one— dimensional  geometry ^  even 
though  the  shocks  may  be  followed  by  rarefactions,  leads 
to  results  that  can  be  analyzed  or  Independently  sub¬ 
stantiated  by  numerical  computations.  In  programming  a 
numerical  calculation  it  is  now  possible  to  throw  in  almost 
any  variable  for  examination.  All  conservation  laws  are 
rigorously  adhered  to  and  many  models  may  be  examined  for 
the  reactions.  If  one  wishes  to  establish  the  effect  of 
heat  transfer  and  viscosity;  this,  too,  can  be  done.  In 
the  few  Instances  where  these  terms  have  been  Introduced 
Into  computation  their  Influence  has  been  found  to  be 
small  even  when  coefficients  of  viscosity  and  heat  transfer 
have  been  made  unrealistically  large.  The  computation 
methods  have  directed  our  attention  to  the  need  for  more 
precise  data  In  certain  areas.  For  example,  we  now  find 
need  for  the  equation  of  state  of  unreacted  explosive, 
and  this  equation  must  define  the  temperature  to  a  reason¬ 
able  degree  of  precision.  Even  without  the  best  available 
Input  data  we  find  computer  runs  confirming  In  a  general 
way  both  the  experimental  observations  and  our  more  recent 
theoretical  guesses  based  on  hydrodynamic  considerations 
concerning  the  events  taking  place  when  an  explosive  Is 
shocked.  By  varying  the  reaction  parameters  one  can  find 
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either  a  smooth  Increase  In  velocity  to  detonation  velocity 
or  a  detonation  forming  behind  the  shock  leading  to  an 
abrupt  Jump  In  shock  front  velocity  followed  by  a  decay  to 
the  normal  Chapraan^Jouguet  detonation  velocltyo 

Experiments  which  have  approximated  one<=>dimenslonal 
flows  have  given  us  Information  on  the  shock  Hugoniots  for 
explosives  which  have  not  yet  reacted o  This  Information 
has  been  correlated  to  the  subsequent  transition  event o 
It  Is  found  that  liquids  free  from  bubbles  appear  to  have 
reaction  rates  due  to  adiabatic  compression  in  agreement 
with  thermal  decomposition  rates  for'  homogeneous  fluids o 
The  same  appear©  to  be  approached  fairly  well  by  single 
crystal® o  Castp  pressed  and  loose  solids  seem  to  require 
surface  burning  concept©  to  explain  the  relatively  ©mall 
dependence  of  transition  times  on  shock  amplitude »  These 
materials  also  show  dependence  of  transition  time  on 
particle  size  (the  RDX/raT  system  Is  a  good  example) o  To 
be  sure  some  of  the  results  have  been  anticipated  from 
old  data©  Reduction  of  grain  size  In  TOT  castings  by 
cream  easting,  for  example,  has  long  been  a  requirement 
for  assuring  reliable  propagation  In  charges  of  usual 
ordnance  appllcatlono  The  one=>dlmensional  experiments  may 
be  expected  to  guide  us  in  the  better  understanding  of  all 
initiation  problems  in  which  the  boundary  conditions  are 
more  complex »  They  can  supply  input  data  for  a^dlmenslonal 
noncasteady  state  calculations »  We  already  are  able  to 
Interpret  much  of  the  gap  test  results  In  terms  of  a 
hydrodynamic  model,  A  fuzzy  area  develops  In  gap  experi¬ 
ments  when  it  Is  found  that  a  wave  can  propagate  almost 
two  diameters  Into  a  charge  at  nearly  acoustic  velocity 
before  a  truly  high  pressure  reaction  takes  place.  This 
can  be  explained  by  a  slight  advantage  In  the  unbalance 
between  reaction  effects  and  rarefaction  In  favor  of  the 
reaction.  This  would  Imply  that  the  wave  slowly  accel¬ 
erates  In  rate  until  at  some  point  reaction  Is  rapid  enough 
to  cause  rapid  speed  up  of  the  wave.  Although  this  idea 
seems  to  be  a  satisfactory  explanation  It  would  seem  to 
need  further  confirmation. 

The  rarefactions  behind  a  shock  In  a  cylinder  of 
explosive  are  worthy  of  further  examination.  Calculations 
on  a  one-dlmenslonal  cylindrical  rarefaction  were  used  by 
the  writer  to  approximate  the  condition  behind  a  shock. 

The  results  show  pressure  dropping  to  zero  In  the  axis 
region  while  positive  pressures  exist  farther  out.  One 
might  expect  cavitation  behind  a  shock  under  these  con¬ 
ditions  and  such  cavitation  has.  In  fact,  been  observed 
by  Vodar  in  plastic  rods.  The  experiments  of  Gibson  also 
seem  to  show  cavitation  In  a  column  of  liquid  explosive 
In  which  a  shock  Is  moving  down  the  axis.  It  seems 
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reasonable  that  cavitation  in  solids  and  even  liquids  can 
be  considered  as  a  fracture  phenomenon.  This  approach 
could  give  some  accounting  for  initiation  of  reaction  in  a 
region  of  rarefaction  thus  giving  a  clue  to  the  results  of 
Winning  and  of  Gibson.  The  argument.  If  substantiated, 
could  possibly  have  bearing  on  the  weak  shock  case  for  gap 
experiments  in  solids. 

The  effect  of  acceptor  confinement  In  the  50^  gap 
test  for  liquids  has  appeared  to  be  anomalous  to  the 
shock-reaction  hypothesis  in  at  least  two  liquids.  In 
searching  for  new  variables  to  examine  for  explaining  the 
results  we  find  several  to  consider.  First  there  Is  the 
meeting  of  rarefactions  at  the  axis.  Second,  we  note  that 
shocks  moving  along  boundaries  between  two  media  will 
generally  result  In  a  flow  discontinuity  at  the  boundary. 

The  result  can  be  a  shear,  or  a  build-up  of  a  viscous  or 
turbulent  boundary  layer j  any  of  which  effects  could  be 
the  source  of  enough  local  energy  concentration  to  start  a 
reaction.  In  the  case  of  thin  walls  there  is  a  further 
possibility  of  fracture  of  the  moving  wall  leading  to  a 
localized  flow  of  liquid  to  create  frictional  heating. 

In  the  case  of  some  metals,  as  for  example  aluminum,  the 
metal  could  enter  Into  reaction  with  the  explosive  when 
new  surfaces  are  exposed  as  a  consequence  of  plastic  flow. 
The  experimental  result  found  by  UCLRL  that  weak  shocks 
can  make  an  explosive  solid  less  sensitive  to  detonation 
appears  to  have  some  bearing  on  the  gap  experiment.  One 
can  see  the  possibility  that  immediately  behind  the  shock 
In  those  cases  where  thick  barriers  are  used  the  explosive 
will  not  be  capable  of  Initiation  by  a  second  shock  even 
if  it  Is  relatively  strong.  The  experiments  of  Cook,  et  al. 
Involving  colliding  shock  might  find  a  hydrodynamic  expla¬ 
nation  In  this  experimental  observation. 

The  disk  impact  experiments  of  Brown  and  Whitbread 
have  given  us  useful  Information  on  the  required  pulse 
duration  to  cause  transition  to  detonation.  In  this  regard 
they  give  more  pertinent  information  than  the  "delay  time" 
in  establishing  the  induction  time.  The  experiments  sug¬ 
gest  that  for  thick  disks  it  Is  the  radial  rarefaction  In 
the  explosive  which  Is  responsible  for  quenching  a  reaction 
Initiated  by  adiabatic  compression.  If  we  estimate  the 
sound  speed  in  solid  HE  from  the  slope  of  the  Hugoniot 
p- f  curve  at  about  50  kllobars  we  find  a  value  of  about 
5  to  6  mm^sec.  This  is  about  the  velocity  one  might 
expect  in  aluminum  (the  metal  of  highest  wave  velocity 
used)  at  this  pressure.  The  experiment  suggests  that 
promising  results  could  be  obtained  by  the  use  of  flying 
sheets  of  metal  of  larger  diameter  In  an  experiment 
employing  wedges  of  explosive  and  smear  camera  observations. 
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The  study  of  detonation  effects  Influenced  by 
chemical  reaction  rates  is  seen  to  be-  largely  concentrated ^ 
at  the  moment.  In  studies  of  the  initiation  of  detonation 
by  shocks «  This  approach  appears  to  be  paying  off,  leading 
to  the  acquisition  of  knowledge  which  can  be  applied  to 
the  Interpretation  of  results  of  other  experimental  con- 
dltlons  in  which  reaction  rates  play  a  significant  role® 

W©  find  experimental  evidence  which  is  forcing  us  to 
Include  variables  other  than  adiabatic  compression  and 
rarefaction  for  explanation »  The  writer  believes  the 
variables  to  be  examined  are  boundary  flow  discontinuities 
and  localized  discontinuities  which  may  be  broadly  stated 
as  being  due  to  the  imperfections  in  the  medlumo 


^ 


NOTEo  This  review  paper  has  been  classified  CONFIDENTIAL 
because  of  a  few  references  to  classified  reports.  An  unclassified 
version  will  be  written  later  in  order  to  make  the  material  more 
accessible. 
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THE  SHOCK  INITIATION  OF  DETONATION  IN 
LIQUID  EXPLOSIVES 


William  A.  Gey  and  Karl  Kinaga 
U.  S.  Naval  Ordnance  Test  Station 
China  Lake,  California 


Shock  Initiation.  This  study  was  undertaken  in  order  to 
obtain  more  experimental  data  on  the  transition  from  deflagration  to 
detonation  in  explosives  which  have  been  subjected  to  shock  compression 
from  a  detonating  explosive  through  an  inert  barrier.  Transparent 
liquid  explosives  were  used  in  order  to  follow  the  reaction  inside  the 
explosive,  euid  a  streak  camera  used  to  obtain  high  time-space  resolu¬ 
tion.  The  effectiveness  of  the  method  is  illustrated  by  Fig.  1,  which 
is  a  streak  camera  picture  of  the  initiation  of  detonation. 

The  initiation  of  detonation  of  liquid  TNT,  nitroglycerine 
(NG),  nitromethajie  (NM),  ethyl  nitrate  (EN),  and  trimethylole thane 
trinitrate  (TMETN),  was  studied  by  this  technique.  The  main  feature 
which  appeared  is  that  all  these  liquids  are  relatively  insensitive  to 
compressional  shocks,  compared  to  solid  explosives.  This  statement 
must  be  qulaified,  in  that  observations  were  made  of  detonation  of 
nitroglycerine  through  barriers  of  several  centimeters  of  glass,  but 
the  mechanism  is  fundamentally  different  from  the  initial  shock 
compression  initiation,  since  detonation  does  not  occur  until  the 
explosive  has  expanded.  This  second  phenomenon  may  be  more  pertinent 
to  the  transition  to  detonation  in  solid  explosives  when  subjected  to 
weak  shocks,  and  deserves  more  study. 

Experimental  Procedures.  The  initiations  were  photographed 
with  a  .010”  slit  Beckman- Whit ley  streak  camera  operated  at  300  to 
450  rps,  corresponding  to  a.  writing  speed  of  I.9678  to  2.9516  mm/pt 
second.  The  mj.rror  speed  was  checked  on  each  firing  with  an  electronic 
chronograph  counter.  Eastman  Kodak  Royal  X  Pan  film  was  used  to  obtain 
the  highest  light  collection  possible.  The  donor  charges  were  all 

3.5  cm.  (d)  Composition  B,  10  to  12.5  cm.  in  length;  the  interrupters 

6.5  “  8*0  cm.  square  glass  plates;  and  the  receptor  explosive  was 
contained  in  U  to  7*5  cm.  diameter  glass  cylinders,  with,  in  some 
cases,  mirrors  mounted  on  top  to  view  the  charge  axially  on  the  same 
film.  Figure  1  shows  a  typical  setup  with  nitroglycerine  as  the 
receptor  with  a  mirror  on  top.  In  most  experiments  a  backlight 
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consisting  of  a  3.7  cm,  diameter  Tetryl  pellet  in  the  end  of  a  card¬ 
board  15”  tube  was  used  to  illuminate  the  shock  transmission  in  the 
glass  and  the  events  in  the  explosives. 

The  explosives  used  were  TNT,  Picatinny  Arsenal  Grade  1; 
Nitromethane,  Eastman  Kodak  Yellow  Label;  Ethyl  Nitrate,  Eastman  Kodak 
White  Label;  and  Nitroglycerine,  extracted  from  special  dynamite  with 
acetone  and  precipitated  and  washed  with  water  at  the  firing  site. 
Several  analyses  of  the  nitroglycerine  showed  99+^  purity  in  each  case. 

Temperatures  of  the  liquid  TNT  were  measured  with  a  thermo¬ 
couple  •  Film  data  was  measured  with  a  travelling  microscope  to 
determine  ,  the  time  between  entrance  of  the  shock  into  the  receptor 
and  the  transition. 


Results  of  Liquid  TNT,  The  results  of  a  series  of  shock  tests 
on  liquid  TNT  at  various  temperatures  are  shown  in  Fig.  2  and  Table  1, 
The  critical  glass  thickness  for  initiation  of  detonation  appears  to 
increase  only  from  7  ®m  at  100 to  9  sit  170°C.  The  delay  time  to 
transition,  measiired  as  the  time  from  entrance  to  the  shock  in  the 
receptor  to  speedup  of  the  shock  front  viewed  in  the  mirror,  cannot 
sin5)ly  be  plotted  vs,  glass  interrupter  thickness  because  of  the 
influence  of  ambient  ten5)erature ,  A  temperature  effect  of  the  shock 
was  calculated  from  the  time  delay  by  the  equation 


where 


with 


logT=  +B  (1) 


A  _  A  ,  and 

2.303 

B  =  -AS/E  (2) 

QkAH+ 

A  if  =  3^.*+  kcal/mole  (3),  Q  =  2.23  kcal/mole, 
C  =  90  cal/mole/deg,  =  3*2  eu.  (2) 


h  is  the  Planck  constant,  k  the  Boltzmann 
constant,  and  plotted  in  Fig,  3, 


The  data  are  reasonably  self-consistent  with  temperature 
rise  in  the  range  of  400-500®  for  detonation. 

Figure  4  shows  a  plot  of  measured  initial  shock  velocity  in 
liquid  TNT  vs,  glass  interrupter  thickness,  the  data  including  shocks 
which  resulted  in  detonations  as  well  as  failures  as  indicated.  The 
coincidence  of  the  initial  velocities  of  the  shocks  in  the  experiments 
which  resulted  in  detonations  and  non- detonations  appear  to  support 
the  postulate  that  the  initial  compression  wave  is  relatively 
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unsupported  by  any  energy  supplied  by  reaction  of  explosive  (4)o  There 
is  in  the  case  of  initiation  of  detonation  therefore  an  induction 
period  before  the  reaction  becomes  rapid  enough  to.  contribute  energy 
to  the  wave,  as  outlined  by  Jacobs.  The  higher  density  in  the  compressed 
explosive  contributes  to  higher  velocity  but  ceinnot  explain  wave 
velocities  above  15,000  m/sec.,  the  appearance  of  which  in  detonation 
wave  pictures  are  probably  phase  phenomena  (5  and  6). 

Other  Liquid  Explosives .  The  effect  of  shock  on  the  other 
liquid  explosives  all  exhibit  similar  phenomena.  Table  2  summarizes 
the  data  and  Fig.  5  presents  the  initial  velocity  vs  results  of  all 
these  explosives.  Again  it  appears  that  the  initial  compression  wave 
is  not  supported  by  reaction.  Figure  6  shows  another  Initiation  of 
nitroglycerine  in  a  7.0  cm  (d)  cylinder,  illustrating  almost  planar 
initiating  wave  surface  in  the  image  observed  by  the  mirror  on  top. 

TABLE  1.  Shock  Velocity  and  Delay  to  Detonation  in 

Liquid  TNT 


Temperature, 

q  a 

mm 

Initial  wave 
velocity, 
mm/|isec 

Delay  to 
detonation, 
nsec 

Result 

100 

4.01 

«  •  •  • 

0.5 

go 

100 

4.01 

e  »  «  • 

0.5 

go 

108 

10.46 

4p50 

•  •  # 

no 

no 

5.05 

9  «  •  • 

1.1 

go 

no 

5.1 

0  «  «  • 

0.5 

go 

112 

7.11 

•  ♦  .  < 

•  •  • 

go 

Il8 

7.26 

«... 

... 

go 

119 

6.07 

4i.70o 

0.8 

go 

120 

4.83 

4700 

0.8 

go 

122 

8.4o 

4650 

... 

no 

122 

8.4 

4250 

•  •  • 

no 

124.5 

7.7 

4.350 

•  •  • 

no 

127.6 

5.92 

»  •  0  • 

1.4 

go 

128 

7.80 

4,310 

... 

no 

129 

4.83 

«  •  •  • 

0.5 

go 

139 

8.05 

4340 

0.9 

go 

159 

12.44 

3f00 

•  •  * 

no 

160 

9.14 

5,300 

0.8 

go 

160 

12.20 

3890 

... 

no 

162 

10.44 

3.950 

... 

no 

164 

8.69 

4,530 

3.8 

go 

166.5 

7.01 

.... 

0.5 

go 

168 

10.50 

41-50 

... 

no 

180 

9.93 

4,350 

•  •  • 

no 

184 

10.97 

4290 

•  •  « 

no 

Glass  interruptor  thickness. 

Measured  as  time  from  shock  entering  receptor  to  wave 
speedup. 
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Summary o  A  study  was  made  of  the  initiation  of  detonation 
by  shock  in  transparent  liquid  explosives  in  the  region  of  critical 
shock  intensity 0  In  most  cases  the  velocity  of  the  transmitted  shock 
in  the  liquid  receptor for  cases  which  did  or  did  not  result  in 
detonation^  was  not  appreciably  different o  Etelay  time  to  detonation 
was  used  in  the  case  of  TNT^  with  thermal  decomposition  data^  to 
calculate  the  temperature  rise  in  the  compression  wave  as  420  to  500®. 


TABLE  2.  Shock  Velocity  and  Delay  to  Detonation 
in  Other  Liquid  Explosives 


Explosive 

mm 

Initial  wave^ 
velocity, 
mm/usec 

Delay  to 
detonation, 
mm/|isec 

Result 

NM 

6.i8 

4  6  0  0 

0.6 

go 

NG 

I4.83 

0000 

0.5 

go 

4.95 

5800 

0,9 

go 

6.25 

4900 

1.8 

go 

6060 

4600 

0  0  4 

no 

8.86 

4600 

2.0 

go 

8.89 

4540 

000 

no 

14.38 

3i4o 

000 

no 

19.3 

3988 

0  4  0 

no 

TMETN 

3.19 

0000 

0.6 

go 

4.22 

4470 

000 

no 

5.69 

4800 

0  0  4 

no 

5.69 

4870 

0.7 

go 

7.72 

4480 

0  0  0 

no 

9.32 

4550 

000 

no 

m 

6.02 

0  0  0  0 

0,45 

go 

6.10 

0  0  0  0 

0.6 

go 

6.12 

*  0  0  0 

0.4 

go 

9.5 

4220. 

1.8 

go 

•4-0.5^ 

quinone 

7.92 

4640 

3-0 

go 
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SENSITIVITY  OF  PROPELLANTS 


W.  W.  Brandon  and  K.  F.  Ockert 
Rohm  &  Haas  Company 
Redstone  Arsenal  Research  Division 
Huntsville,  Alabama 


ABSTRACT  -  High  explosives  are  capable  of  propagating 
stable  detonation  at  very  small  diameters  (less  than  l/4  inch).  Solid 
propellants  containing  reactive  binders,  such  as  nitro  compounds  or 
nitrate  esters,  require  larger  diameters  (from  l/Z  to  2  inches),  de¬ 
pending  upon  a  number  of  factors,  and  are  generally  less  sensitive 
to  shock  initiation  than  conventional  explosives,  as  measured  by  the 
card  gap  sensitivity  test. 

Aluminized  ammonium  perchlorate- containing  plastisol  ni¬ 
trocellulose  composite  propellant  exhibits  regular  differences  in  both 
minimum  diameter  and  card  gap  value  between  steel  and  cardboard 
confinement.  Initiation  is  easier  in  the  heavier  confinement.  These 
differences  vanish  at  charge  diameters  appreciably  above  minimum. 

As  has  been  shown  with  ammonium  perchlorate  alone,  perchlorate 
particle  size  in  propellant  affects  minimum  diameter  in  light  confine¬ 
ment  but  not  gap  sensitivity.  Thus  larger  (65-micron)  oxidizer  par¬ 
ticle  size  raises  the  minimum  diameter  without  correspondingly  re¬ 
ducing  detonation  hazard.  The  omission  of  the  oxidizer  or  substitu¬ 
tion  of  potassium  chloride  has  no  effect  on  propellant  critical  diameter 
or  card  value  in  heavy  confinement;  in  light  confinement,  the  highest 
gap  value  and  smallest  minimum  diameter  are  shown  by  the  base 
alone,  without  dispersed  crystalline  phase. 

A  liquid  monopropellant,  hydrazine  saturated  with  dekazene, 
has  been  found  to  have  a  minimum  diameter  and  card  gap  value  simi¬ 
lar  to  those  of  petrin  acrylate  composite  solid  propellant. 
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Introduction  -  Solid  rocket  propellants  and  many  of  their 
constituents  are  explosives.  As  such  they  constitute  hazards  in  syn¬ 
thesis,  manufacture,  transportation  and  handling,  and  ultimate  utili¬ 
zation.  In  the  course  of  an  investigation  by  this  Division  into  the  nature 
and  definition  of  detonation  sensitivity  as  applied  to  solid  propellants, 
it  became  useful  to  have  a  simple  means  of  ranking  the  materials 
under  study.  Such  a  means  was  the  card  g&p  test^.  This  test  has  been 
successfully  applied  to  the  examination  of  the  effect  of  oxidizer  par¬ 
ticle  size,  of  charge  confinement,  and  of  temperature  on  shock  sensi¬ 
tivity  of  composite  propellant;  the  effect  of  solids  loading  on  apparent 
sensitivity;  and  comparative  minimum  diameters  and  gsp  sensitivities 
of  a  number  of  propellant  types. 

Effect  of  Acceptor  Confinement  -  Degree  of  confinement  has 
a  significant  effect  on  the  detonability  of  propellants.  Charges  of 
composite  formulation  116bw  (17%  double-base  powder,  32%  triethyl¬ 
ene  glycol  dinitrate,  1%  resorcinol,  20%  aluminum  (Alcoa  140),  30% 
ammonium  perchlorate  (35-micron  weight  median  diameter,  95%  be¬ 
tween  4.  4  and  93  microns))  were  cast  in  steel  water  pipe  and  in  card¬ 
board  cylinders,  and  minimum  diameter  and  card  gap  values  were  de¬ 
termined. 

Plots  of  card  value  against  charge  size  gave  two  straight 
lines,  intercepting  the  abscissa  at  the  respective  minimum  diameters 
(Figure  2)*.  The  limiting  diameter  indicated  in  the  Figure  is  the 
largest  subcritical  diameter  experimentally  tested,  i.  e.  ,  stable  deto¬ 
nation  does  not  propagate  at  that  diameter.  The  limiting  diameter  is 
higher  in  cardboard  than  in  steel  but  the  slope  of  the  line  in  the  former 
case  is  greater,  so  that  at  2  inches,  the  two  lines  intersect.  Above 

*  Owing  to  considerations  of  minimum  or  critical  diameter,  a  certain 
measure  of  flexibility  in  this  test  as  regards  charge  size  is  necessary. 
The  distinctive  features  of  the  test  referred  to  here  are  1)  the  use 
of  a  heavy  booster  of  Composition  C-4  explosive,  2)  maintenance  of 
fixed  scaling  between  donor  and  acceptor,  regardless  of  charge  size 
(Figure  1),  and  3)  determination  of  gap  sensitivity  above  the  experi¬ 
mentally  established  minimum  diameter.  (Cf.  Ref.  (1)) 

^  The  reader  unfamiliar  with  this  form  of  presentation  shoTold  bear  in 
mind  that  booster  size  is  increased  with  acceptor  size.  Consequently 
an  increase  in  card  value  is  to  be  expected.  In  these  tests  donor, 
gap,  and  acceptor  always  have  diameters  equal  to  each  other.  Donor 
length-to- diameter  ratio  is  maintained  at  3  and  that  of  the  acceptor 
is  4  or  greater. 
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this  diameter  the  charges  are  effectively  self- confined  and  no  further 
differences  in  card  value  are  observed.  (Data  obtained  at  3  inches, 
since  the  Figure  was  drawn,  indicate  continued  linear  congruence. 

Gap  values  were  202  and  192  in  steel  and  cardboara,  respectively.  ) 

Effect  of  Oxidizer  Particle  Size  -  Of  the  different  substances 
examined  in  the  earlier  study  (1),  all  but  one  exhibited  the  type  of  re¬ 
lationship  shown  in  Figure  2,  viz.  ,  a  linear  function  of  positive  slope 
intercepting  the  abscissa  at  critical  diameter.  The  exception  was  am¬ 
monium  perchlorate  containing  a  small  amount  of  fuel  (0.  5%  magnesium 
stearate).  Although  the  card  values  plotted  in  the  usual  straight-line 
fashion,  regardless  of  perchlorate  particle  size,  the  mimmum  diame¬ 
ters  varied  widely  with  particle  size  in  light  confinement  and  were  sig¬ 
nificantly  larger  than  the  extrapolated  intercept.  An  abrupt  change  was 
observed  such  that  the  card  values  were  not  low  near  minimum  diame¬ 
ter. 


The  effect  of  oxidizer  particle  size  has  been  confirmed  in 
propellant  (Figure  3).  Propellant  formulation  ll6bn  has  the  identical 
chemical  composition  as  that  represented  in  Figure  2;  the  sole  differ¬ 
ence  between  the  two  is  the  substitution  of  65-micron  perchlorate  (95% 
between  6  and  130  microns).  Card  values  of  cardboard- confined  charges 
decrease  linearly  as  diameter  is  reduced  to  1.  6  inches;  diminishing 
the  diameter  by  another  quarter  of  an  inch  places  it  below  critical. 

(The  graph  implies  that  the  change  is  discontinuous,  owing  to  the  fact 
that  quarter-inch  increments  are  customary.  Smaller  increments 
would  show  a  rapid  but  continuous  drop  to  the  base  line.  ) 

Comparison  of  the  data  for  the  two  propellants  (Figure  4) 
shows  that  changing  the  oxidizer  particle  size  has  little  effect  on  gap 
sensitivity  in  either  light  or  heavy  confinement,  but  makes  its  influ¬ 
ence  felt  on  critical  diameter  alone. 

Sensitivity  of  Propellant  Ingredients  -  The  constituents  of 
plastisoi-type  propellants,  with  the  exception  of  alviminum,  have  posi¬ 
tive  heats  of  explosion,  i.  e.  ,  evolve  heat.  This  includes  the  double¬ 
base  powder,  the  plasticizer  (triethylene  glycol  dinitrate),  and  ammo¬ 
nium  perchlorate.  Each  can  be  expected  to  contribute  to  the  support 
of  stable  detonation  once  initiated.  In  order  to  compare  the  ease  of 
initiation  of  each  constituent  minimum  diameters  and  card  gap  values 
were  determined  (Table  I). 

In  steel  confinement,  the  presence  or  absence  of  a  dispersed 
crystalline  phase  has  no  effect  on  either  minimum  diameter  or  card 
value.  Under  conditions  of  light  confinement,  on  the  other  hand,  the 
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homogeneous  base  has  the  smallest  critical  diameter  and  the  highest 
gap  sensitivity  at  2  inches.  The  inert-loaded  propellant  has  a  high 
minimum  diameter  and  relatively  low  card  value,  while  the  perchlo¬ 
rate-containing  formulation  occupies  intermediate  positions.  The  in¬ 
sensitivity  of  the  plasticizer  is  emphasized  by  the  fact  that  the  gap 
value  in  steel  is  less  than  that  of  the  other  constituents  in  cardboard. 

The  relationship  among  the  three  formulations  is  more  readily 
seen  in  Figure  5.  It  is  interesting  to  note  that  the  limiting  diameter 
of  the  base  alone  in  light  confinement  appears  exactly  at  the  extrapo¬ 
lated  point  for  normal  propellant  and,  in  fact,  coincides  with  that  of 
116bw,  which  contains  the  smaller- size  oxidizer. 

These  results  strongly  suggest  that  initiation  is  effected 
through  the  plasticized  nitrocellulose  continuous  phase.  Introduction 
of  a  crystalline  dispersed  phase  reduces  the  energy  release  per  unit 
cross-sectional  area,  either  by  simple  dilution  and/or  by  absorption 
of  energy  in  the  dispersed  phase.  The  intermediate  values  with  the 
live  oxidizer  indicate  that  energy  absorption  by  the  dispersed  phase 
is  in  some  measure  offset  by  energy  released  by  decomposition  of  the 
perchlorate.  The  invariance  of  the  results  determined  in  steel  con¬ 
trasted  with  the  differences  in  cardboard  serve  to  demonstrate  the 
delicacy  of  the  balance  between  internal  and  external  energy  losses. 

(The  base  formulation  still  contains  aluminum,  which  com¬ 
prises  20%  of  the  finished  propellant.  Recently  determined  minimum 
diameters  of  base  from  which  this  aluminum  is  absent  have  been  sig¬ 
nificantly  greater  than  those  shown  in  Table  I:  between  0.  82  and  1.  0  5 
inches  in  steel  and  greater  than  2.  07  inches  in  cardboard.  These  are 
a  half- inch  more  in  heavy  confinement  and  at  least  3/4  inch  more  in 
light  confinement  than  corresponding  values  for  aluminum- containing 
base.  If  minimum  diameter  be  taken  as  an  index  of  detonation  sensi¬ 
tivity,  then  aluminum  would  appear  to  increase  the  sensitivity  of  the 
plasticized  double-base  powder  matrix.  The  physical  consolidation 
of  the  charges  was  so  poor  and  nonhomogeneous  that  further  experi¬ 
ments  must  be  made.) 

Effect  of  Charge  Temperature  on  Apparent  Sensitivity  -  The 
card  gap  values  of  plastisol-type  propellant  change  very  slowly  with 
conditioning  temperature.  Over  the  range  from  -40°  to  +130° F,  the 
numbers  increase  linearly  at  28  cards  per  100  Fahrenheit  degrees 
(Figure  6).  Since  normal  variation  is  t  5  cards,  these  results  indi¬ 
cate  that  card  gap  values  are  unaffected  by  temperature  under  normal 
ambient  conditions. 
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DONOR  DIAMETER  (INCHES) 

Fie.  5  CARD  GAP  SENSITIVITY  OF  PLASTISOL  FORMULATIONS: 


CONDITIONING  TEMPERATURE  (P*) 


Fig.  6  TEMPERATURE  SENSITIVITY  OF  CARD  GAP  VALUE  OF 
PLASTISOL  FORMULATION  116  bw  AT  1.61  INCHES 
DIAMETER  IN  CARDBOARD  CONFINEMENT 
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Comparative  Gap  Sensitivities  -  Although  screening  of  mate¬ 
rials  is  not  the  primary  object  of  this  program,  siofficient  data  have 
accumulated  to  compare  a  number  of  substances  as  regards  minimum 
diameter  and  card  gsp  value  under  various  conditions  of  confinement 
and  size. 


Despite  the  exceptions  noted  above,  the  data  (Table  II)  confirm 
the  general  relationship  between  critical  diameter  and  card  gap  value, 
namely,  the  smaller  the  minimum  diameter,  the  greater  the  sensitivity. 
Thus  Composition  C-4  explosive  (1.  33  gm/cc)(91%  RDX)  has  a  very 
small  critical  diameter  and  high  card  value.  RDX- containing  compo¬ 
site  propellant  (petrin  acrylate  base)  shows  nearly  the  same  proper¬ 
ties,  although  the  RDX  concentration  is  down  to  28%.  The  extruded 
double-base  (N-5),  plastisol  nitrocellulose  composite  (116bn),  and 
mixed-binder  (plasticized  nitrocellulose  and  polyurethane)  composite 
(BRL-1)  propellants  have  similar  card  gap  values.  Saturated  (35%) 
solution  of  dekazene  (1:1  adduct  of  hydrazine  and  decaborane)  in  hydra¬ 
zine,  a  liqxxid  monopropellant,  ammonium  perchlorate/petrin  acrylate 
composite  propellant  (without  RDX),  and  TEGDN  consistently  show 
decreasing  gap  sensitivity  with  increasing  minimum  diameter. 


The  characteristics  of  petrin  acrylate  propellant  with  and 
without  RDX  are  in  marked  contrast.  Comparison  of  the  two  liqmd 
substances  gives  a  striking  example  of  the  importance  of  a  little  lati¬ 
tude  in  conducting  card  gap  sensitivity  tests.  The  dekazene/hydrazine 
solution  has  a  minimum  diameter  3/4  inch  in  steel;  that  of  TEGDN 
lies  above  1  inch.  Yet  at  2  inches  the  two  have  nearly  the  same  card 
value.  Had  this  test  been  run  at  1  inch  according  to  the  procedure 
recommended  by  the  Joint  Army-Navy- Air  Force  Panel  on  Liquid  Pro¬ 
pellant  Test  Methods  (2),  a  negative  result  would  have  been  obtained 
with  TEGDN,  implying  it  to  be  an  insensitive  material. 

In  general,  we  have  foxind  explosives  and  propellants  to  fall 
into  three  loosely-defined  categories.  High  explosives  are  character¬ 
ized  by  very  low  minimum  diameters.  They  appear  indifferent  to  de- 
gr0e  of  confinement,  probably  because  the  diameters  at  which  card 
gap  values  have  been  determined  are  still  significantly  larger  than 
critical  diameter.  Solid  propellants  containing  reactive  binders,  such 
as  nitro  compounds  and  nitrate  esters,  have  minimum  diameters  which 
vary  with  confinement  and  range  from  l/2  to  2  inches.  The  liquid  sub¬ 
stances  tested  also  fall  in  this  range.  Solid  propellants  having  inert 
binders  of  polyurethane,  polysulfide,  polybutadiene-acrylic  acid  co¬ 
polymer,  etc.  ,  have  minimum  diameters  above  8  inches  and  they 
cannot  be  ranked  owing  to  limitations  of  test  facilities.  It  should  be 
noted  in  conclusion  that  these  generalities  apply  to  normally  consoli- 
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dated  propellanto  Where  mechanical  defects  or  interconnected  porosity 
exist,  transition  from  deflagration  to  detonation  takes  place  with  all 
types  of  solid  propellants. 
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Introduction 

This  work  was  supported  by  Ordnance  Corps  Project  TB3-0134. 

Figure  1  illustrates  the  experimental  technique  used  in  this  study. 

The  donor  explosive  has  a  length  to  diameter  ratio  of  approximately 
3  to  1  and  is  coated  with  an  aluminum  silicofluoride  paste  to  faci¬ 
litate  the  observation  of  its  detonation  rate.  The  inert  barrier 
used  was  mild  steel  "boiler  plate"  with  both  faces  ground  smooth  and 
parallel.  The  barrier  was  large  enough  that  the  detonation  products 
were  delayed  sufficiently  long  so  that  they  did  not  interfere  with 
the  observation  of  the  phenomena  occurring  in  the  receptor  explosive. 

So  as  to  observe  the  "low  order"  phenomena  occurring,  a  reflec¬ 
tive  technique  was  used  similar  to  that  at  .  A  0.0003"  thick 

strip  of  silver  foil  was  cemented  to  the  side  and  top  of  the  donor 
explosive.  Light  from  an  argon  bomb  is  reflected  from  the  foil  into 
the  slit  of  the  194  Beckman  and  Whitley  streak  camera.  Thus,  any  dis¬ 
turbance  of  the  foil  will  interrupt  the  beam  of  light  and  the 
disturbance  will  be  noted  by  the  extinction  of  the  light  on  the  film. 
The  exit  of  the  wave  from  the  end  of  the  acceptor  is  also  observed 
using  the  foil  by  means  of  a  mirror  placed  at  45^  to  the  horizontal. 

Figure  2  is  a  good  film  record  showing  the  propagation  of  the 
low  order  wave,  its  transition  to  high  order,  the  retonation  wave, 
which  is  obviously  slower  than  the  detonation  wave,  and  the  wave 
shape  coming  out  the  rear  of  the  receptor.  Each  shot  was  observed 
with  the  Model  189  B&W  framing  camera  normal  to  the  direction  of  ob¬ 
servation  of  the  streak  camera. 

The  explosive  studied  was  Composition  B  machined  from  billets 
having  a  density  of  1.70  grams/cc  detonation  rate  of  7.88  mm/micro 
second  and  a  standard  deviation  of  0.23  mm/microsecond  as  determined 


833 


Clark  &  Schwartz 


Figure  I  -  Charge  Set  Up 

from  streak  camera  records  during  ttiese  experiments.  Since  the  foil 
technique  described  permits  observation  only  on  the  surface  of  the 
charge p  and  in  order  to  deduce  what  was  going  on  inside  the  explosive 
charge^  it  was  necessary  to  vary  the  length  of  the  acceptor  and  note 
the  time  of  arrival  and  the  shape  of  the  wave  out  the  end  of  the  ac¬ 
ceptor  as  a  function  of  length. 

Experimental  Results 

Figure  3  shows  a  plot  of  the  peripheral  shock  velocity  in 
Composition  B  as  a  function  of  thickness  of  steel  for  a  donor  geome¬ 
try  of  1  1/16®®  diameter  x  3®®  long.  Those  points  which  have  a  standard 
deviation  as  shown  are  an  average  of  8  or  more  shots.  It  will  be 
noted  that  there  is  a  decided  change  in  the  slope  of  the  curye  for  the 
two  points  indicated  by  triangles.  The  magnitude  of  the  pressure 
pulse  which  corresponds  to  a  given  thickness  of  steel  has  not  as  yet 
been  measured.  It  is  anticipated,  however,  that  this  increase  in 
velocity  is  greater  than  would  be  expected  from  the  increase  in 
pressure  represented  by  a  decrease  in  thickness  by  1/8®®  of  steel. 
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Figure  4  shows  a  plot  of  the  arrival  time  of  the  wave  out  of  the 
acceptor  as  a  function  of  acceptor  length  for  various  thicknesses  of 
steel  plate  using  the  aforementioned  donor  geometry.  The  acceptor 
charges  were  1  1/16®^  in  diameter.  It  will  be  noted  that  for  the  case 
of  the  5/8®®  steel  all  the  arrival  times  plotted  against  acceptor  length 
fall  on  a  straight  line  the  slope  of  which  is  the  velocity  of  the 
shock  wave  along  the  axis  of  the  acceptor.  A  least  squares  fit  of  the 
data  shows  the  velocity  to  be  3.078  mm/microsecond.  The  average  of 
the  velocities  observed  along  the  edge  of  the  explosive  is  3.061  mm/ 
microsecond j  with  a  standard  deviation  of  0,05  mm/microsecond .  Thus^ 
there  is  no  significant  variation  between  velocities  taken  along  the 
axis  of  the  charge  and  along  its  periphery.  The  pertinent  fact  here 
is  that  the  thickness  of  the  steel  is  such  that  the  shock  wave  is 
somewhat  slower  than  any  with  which  detonation  has  been  observed  to 
date , 
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In  Figure  4  for  the  case  of  the  thick  steel  the  plot  is 

somewhat  more  complicated.  This  is  so  because  this  particular  con- 
figuration  sometimes  transfers  to  high  order  detonation  and  sometimes 
does  not.  Detonation  was  not  observed  in  acceptors  less  than  0.6^® 
and  the  few  points  below  this  value  lie  on  a  straight  line.  A  con^ 
tinuation  of  this  straight  line  can  be  seen  to  go  through  those  points 
up  to  about  1  1/4®®  where  no  high  order  detonation  was  observed  and 
beyond  which,  the  velocity  of  the  axial  shock  appears  to  fall  off. 

The  velocity  of  the  axial  shock  for  acceptors  1  1/4”  and  less  was  de¬ 
termined  by  the  method  of  least  squares  to  be  4.054  mm/microsecond . 

The  average  peripheral  velocity  observed  for  these  samples  is  3.44 
mm/microsecond  with  a  standard  deviation  of  0.11  mm/microsecond. 

Thus,  in  the  instance  of  a  stronger  shock,  there  is  a  significant 
difference  between  the  axial  velocity  and  the  peripheral  velocity. 

Times  of  arrival  less  than  1  1/4”  which  did  not  detonate  were 
also  measured  at  a  distance  of  1/4  R,  1/2  R,  3/4  R  and  1  R  from  the 
axis  of  the  charge  for  all  acceptors.  Velocities  were  determined  for 
each  of  these  distances  from  the  axis.  Figure  5  shows  the  variation  of 
this  velocity  with  the  radius  of  the  charge.  Although  the  curve  does 
show  a  continual  and  significant  change  in  velocity  from  the  axis  to 
the  edge  of  the  charge,  the  actual  shape  of  the  curve  may  not  vary 
significantly  from  a  straight  line  relationship. 

As  can  be  seen  from  Figure  2,  the  shock  wave  in  the  donor  travels 
at  a  constant  velocity  until  such  time  as  a  transition  takes  place  to 
high  order  detonation.  However,  the  transition  to  detonation  ap¬ 
parently  takes  place  at  some  point  within  the  explosive  since  the 
detonation  wave  shows  a  distinct  curvature  at  the  side  of  the  explo¬ 
sive..  This  curvature  makes  the  measurement  of  the  detonation  rate  in 
the  acceptor  somewhat  difficult  and,  therefore,  is  not  being  reported. 
However,  this  rate  can  be  deduced  from  time  of  arrival  data. 

Consider  In  Figure  4  those  longer  acceptors  which  transferred 
over  to  detonation.  Let  us  assume  that  the  distance  along  the  side 
of  the  stick,  at  which  the  transition  to  high  order  is  seen,  repre¬ 
sents  the  distance  on  the  axis  of  the  charge  where  the  transition  did 
occur.  Since  we  know  the  velocity  of  the  shock  at  the  center  this 
point  determines  the  actual  time  at  which  detonation  started.  Thus, 
with  this  distance  and  time,  and  the  exit  time  from  the  end  of  the 
stick,  we  may  calculate  a  detonation  velocity.  This  has  been  done  for 
all  the  charges  that  detonated  in  the  1/2”  steel  series.  All  the 
detonation  rates  observed  were  higher  than  the  rate  for  the  donor. 
However,  there  is  considerable  scatter  for  most  of  the  data,  as  they 
represent  the  measurement  of  detonation  rates  over  only  a  fev7  tenths 
of  an  inch.  For  the  two  instances  where  there  is  over  an  inch  in 
which  to  measure  the  detonation  rate,  the  value  obtained  was  8.1  ram/ 
microsecond;  which  is  not  significantly  different  from  the  detonation 
rate  of  the  donor. 
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For  the  series  with  the  3/8”®  steel  plate ^  the  point  where  the 
transition  to  detonation  took  place  was  less  than  0.5”®  and  the  deto¬ 
nation  always  took  place  so  that  the  axial  velocity  of  the  shock  wave 
could  not  be  determined.  However ,  the  low  order  wave  was  observed  on 
the  side  of  the  acceptor.  Its  velocity  spread  was  somewhat  greater 
than  in  other  instances,  possibly  because  of  the  shorter  distance 
over  which  it  could  be  measured.  A  least  squares  fit  of  the  points 
with  acceptors  longer  than  0.5”®  was  made,  and  a  value  of  8.032  mm/ 
microsecond  was  obtained.  This  value  again  does  not  differ  signifi¬ 
cantly  from  the  detonation  rate  of  the  donor.  Therefore,  these  few 
measurements  are  insufficient  to  show  any  differences  in  the  detona¬ 
tion  rates  of  the  donor  and  the  acceptor. 

Discussion 


Fossibly  the  easiest  manner  in  which  the  sudden  increase  in 
shock  velocity  in  Figure  3  can  be  explained  is  that  this  discontinu¬ 
ity  represents  a  sudden  onset  of  chemical  reaction  or  at  least  an 
increase  in  chemical  reactions  which  then  supports  the  shock  way®.. 
This  hypothesis  is  further  supported  by  the  fact  that  there  is  a  con¬ 
siderable  difference  between  the  velocities  on  the  axis  and  the  per¬ 
iphery. 

Thus,  it  appears  that  a  necessary  condition  for  a  shock  wave  to 
initiate  detonation  is  that  the  shock  pressure  should  be  sufficiently 
high  e©  as  to  initiate  chemical  reaction  and  to  support  a  shock  on 
the  axis  of  the  charge  markedly  faster  than  at  its  periphery.  It  is 
not  clear  that  this  is  a  sufficient  condition  since  some  charges  of 
this  type  did  not  detonate.  However,  the  transition  point  was  quite 
variable,  and  it  might  be  argued  that  these  charges  were  not  long 
enough  for  the  transition  to  take  place.  Also,  there  is  some  indi¬ 
cation  that  the  shock  might  be  starting  to  slow  down  but,  since  this 
represents  the  results  of  only  two  shots,  it  is  not  conclusive  and 
more  firings  are  necessary  to  settle  this  point. 

At  this  time,  it  is  not  clear  as  to  what  other  conditions  must 
be  satisfied  for  this  reactive  shock  to  transfer  to  high  order.  The 
fact  that  the  distance  to  the  transition  is  quite  variable,  suggests 
that  the  condition  at  least  in  part  is  statistical,  possibly  having 
to  do  with  the  location  of  voids  or  other  in^erfections  in  the  ex¬ 
plosive.  In  order  to  determine  if  this  is  indeed  the  case,  we  are 
presently  studying  the  same  phenomena  in  very  good  quality  plastic 
bonded  explosives. 

It  seems  obvious,  however,  from  the  fact  that  with  thinner  steel 
plates  the  distance  to  transition  decreases  and  the  spread  in  this 
distance  also  decreases,  that  the  condition  is  not  completely  statis¬ 
tical.  The  fact  that  the  velocity  of  the  wave  is  greater  in  the 
center  of  the  stick  than  in  the  periphery  leads  to  an  instability, 
which  might  explain  what  we  have  observed  so  far.  The  velocity 
gradient  results  in  a  continually  decreasing  radius  of  curvature  for 
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this  low  order  detonation,  similar  to  what  might  be  observed  with  a 
convergent  detonation  wave.  At  some  time,  the  decrease  in  the  radius 
of  curvature  would  be  expected  to  result  in  higher  pressures  in  this 
region,  with  a  consequent  increase  in  velocity  resulting  in  a  further 
decrease  in  radius  of  curvature.  Consequently  the  transition  from 
this  low  order  process  should  be  expected  to  take  place  in  a  cata¬ 
strophic  manner. 

Further,  this  process  has  in  it  the  elements  of  being  affected 
by  statistical  variations  in  the  charge,  as  various  small  voids  in  the 
explosive  might  be  expected  by  a  jetting  process  to  form  the  small 
radius  of  curvature  somewhat  earlier  than  in  the  normal  process  and, 
thus,  cause  the  transition  to  take  place  at  an  earlier  stage. 

Thus,  the  picture  develops  of  a  shock  pressure  sufficiently  high 
to  induce  chemical  reaction  to  support  the  shock  wave.  The  radial 
pressure  gradient  induces  a  velocity  gradient  which,  in  turn,  reduces 
the  radius  of  curvature  which,  when  sufficiently  small,  transfers 
suddenly  to  high  order  detonation.  For  larger  charges  where  the  pres¬ 
sure  gradient  and  consequently  the  velocity  gradient  across  the  stick 
is  small,  or  in  instances  where  the  shock  wave  would  have  a  uniform 
impulse  across  the  acceptor,  the  transition  to  detonation  should  take 
place  further  along.  In  similar  work  with  charges  1  1/2"  in  diameter 
and  suitable  transfer  plates,  we  find  that  the  transition  takes  place 
at  1.0"  rather  than  0.6".  As  yet  we  have  not  performed  the  uniform 
impulse  experiment  although  this  is  planned  for  the  near  future.  At 
present,  the  experimental  evidence  is  insufficient  to  prove  this  mech¬ 
anism;  however,  it  does  seem  to  contain  within  it  the  elements  to 
explain  some  of  the  experimental  results  that  have  been  observed  to 
date. 
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U.  S.  Armer  Engineer  Research  and  Developnsent  laboratories 
Fort  Belvoir,  Virginia 


During  the  past  two  decades  a  considerable  asnount  of 
research  h&s  been  undertaken  to  determine  the  nature  of  ^itiation  of 
explosives  and  of  the  transition  of  initiation  to  detonation.  The 
first  satisfactory  theory  of  initiation  was  proposed  by  Bowden  and 
co-workers  (l),  who  assumed  that  the  presence  of  thermal  hot  spots 
is  responsible  for  the  breaking  of  the  bond.  Many  pheno^na  of  ini¬ 
tiation  could  be  explained  by  the  hot  spot  theory.  To  cite  a  few 
examples:  initiation  by  heat,  by  hot  wires,  by  stab,  percussion,^ 
by  shock.  However,  as  new  experiments  were  invented  and  data  gather¬ 
ed,  the  hot  spot  theory  was  not  considered  satisfactory  for  exp^in- 
ing  certain  phenomena  associated  with  gap-type  initiation  and  with 
spontaneous  detonations  during  crystal  growth  of  metastable  materials 
(2)  (3),  (U).  In  addition  to  these  phenomena,  multiple  enerQr  ex- 

posures  including  phase  transformation  indicate  t^t  a  pi^ely  the^l 
model  of  initiation  is  not  too  satisfactoiy  O),  Ko),  \1)> 

(lO).  (ll).  This  author  (12)  proposed  a  theory  of  initiation  which 
attempts  to  explain  initiation  processes  in  terms  of  rapidly  changing 
field  gradients  within  the  intra-atomic  and  intramolecular  spaces  of 
a  metastable  con5>ound.  The  rapid  changes  of  the  field  gradients 
which  ultinately  would  lead  to  the  severance  of  the  chemical  bonds 
can  be  achieved  by  influx  of  various  energy  forms  either  sing^rly 
or  multiply  applied.  They  have  to  be  absorbed  in  the  confound  in 
order  to  produce  an  intra-atomic  or  intramolecular  disturbance.  Ab¬ 
sorption  coefficients  of  various  netastable  compounds  for  various 
radiant  and  vibrational  energies  have  been  only  sparsely  detemine 
as  well  as  the  interaction  cross  sections  for  ionizing  radiations 
and  particles. 


When  multiple  exposure  is  used  in  the  study  of  initiation 
of  metastable  materials  usually  one  of  the  energr  forms  applied  is 
heat.  The  particular  specimen  naterial  is  heated  to  certain  tenrpera- 
tures  and  another  energy  form  such  as  stab  or  light,  for  instance,  is 
applied  to  the  material.  The  measurements  reveal  that  as  the  tem¬ 
perature  of  the  specimen  is  increased  the  additional  hete-^' ogeneous 
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energy  can  iDe  reduced,  to  affect  initiation.  This  is  also  true  for 
radiant  energy  (UV)  when  used  instead  of  heat  as  a  pre -exposed  energy 
form  (6),  (7).  Since  the  pre-exposed  radiant  energy  magnitudes  are 
very  -smai  i  and  do  cause  significeuit  reduction  of  the  amount  of  heter¬ 
ogeneous  energy  to  affect  decomposition,  it  is  considered  that  the 
hot  spot  theory  fails  to  explain  this  phenomenon  (5)- 

Photolysis  and  thermolysis  experiments  of  metal  azides 
carried  out  by  numerous  investigators  including  those  at  the  Basic 
Research  Group  were  able  to  point  out  that  in  the  early  stages  of 
initiation,  color  centers  and  excitons  were  formed  and  perhaps  also 
short  lifetime  free  radicals  of  N,  (15),  (l^)-  Thus,  even  in  exceed¬ 
ingly  pure  compounds  the  stoichio^tric  equilibrium  is  disturbed  due 
to  the  appearance  of  nitrogen,  colloidal  metal,  and  compounds  of 
lower  nitrogen  content  which  in  turn  accelerate  catalytically  the 
decomposition  of  the  conpound  (l5)>  (16).  These  "catalysts"  seem  to 
be  the  sites  of  electronic  disturbances  thus  modifying  field  gradient 
distribution  in  the  vicinity  of  undeconposed  molecules  and  with  fur¬ 
ther  influx  of  external  energy  more  and  more  undeconposed  material 
will  be  affected. 

In  the  process  of  breaking  of  the  chemical  bond,  a  signi¬ 
ficant  amount  of  energy  is  generated.  Because  of  its  spectral  dis¬ 
tribution,  specific  for  a  given  compound,  a  large  portion  of  this 
energy  will  be  absorbed  in  the  undecomposed  compoxmd  thus  increasing 
the  field  disturbances  in  front  of  the  reaction  zone.  When  large 
enough  in  magnitude,  the  bond  will  break  thus  ensuing  an  additional 
production  of  energy,  accelerating  the  decomposition  to  detonation 

(17). 


It  is  well  known  that  detonating  materials  produce,  besides 
heat  and  shock,  also  radiant  energies  in  the  fom  of  light  as  well  as 
microwaves  and  soft  X-Rays  (l8),(l9)-  lb  is  also  known  that  electric 
charges  are  amply  produced  not  only  in  the  form  of  electrons  but  also 
in  the  form  of  positively  and  negatively  charged  ions  of  various 
velocities  (20),  (2l).  These  energy  forms  are  always  observed  simul- 
teuieously  when  a  metastable  conpound  detonates.  The  energy  distribu¬ 
tion  and  spectrum  of  individual  energy  forms  vary  from  substance  to 
substance  (17) .  Prelimineiry  investigations  performed  by  members  of 
the  Basic  Research  Group  and  by  its  contractors  indicate  that  not  all 
of  the  energy  of  decomposition  is  heat  (22),  (25) •  Perhaps  up  to  30 
percent  and  more  could  be  assigned  to  radiant  energy  alone.  The  re¬ 
mainder  could  be  classified  as  heat  and  shock. 

To  attenpt  to  understand  the  phenomena  which  lead  from  ini¬ 
tiation  to  detonation  one  would  have  to  acquire  a  thorough  knowledge 
of  the  phenomena  associated  with  initiation.  If  initiation  is  essen¬ 
tially  an  electric  phenomenon,  namely,  interaction  of  external  elec¬ 
tromagnetic  energies  with  the  intra-atomic  and  intramolecular  fields, 
the  generation  of  electric  ener^  forms  will  result.  However,  as  the 
interaction  progresses  from  the  color  center  and  exciton  formation 
into  the  free  radical  production  and  molecular  fragmentation  of  rather 
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unexpected  combinations  (24),  heterogeneous  energy  forms  are  generated 
by  these  processes.  A  transition  from  a  prevalent  electromagnetic 
ener®r  stage  to  a  vibratory  (thermal)  stage  will  now  be  observed. 

When  the  detonation  stage  is  reached  the  production  of  thermal  ener¬ 
gies  and  shock  waves  prevails.  However,  it  should  be  pointed  out  that 
a  still  considerable  amount  of  other  energy  forms  (electroimgnetic ) 
will  be  present.  These  ener^''  forms  will  penetrate  into  the  not  yet 
decomposed  portion  of  the  detonating  specimen  thus  conditioning  it 
for  subsequent  decomposition  (17)°  The  presence  of  electronagnetic 
enerQT  forms  in  the  transition  from  initiation  to  detonation  is  prov¬ 
ed  by  the  influence  of  strong  magnetic  and  electric  fields  on  detonat¬ 
ing  metastable  materials .  An  apparent  decrease  of  sensitivity  and  a 
reduction  of  detonation  velocities  was  observed  when  detonating  com¬ 
pounds  were  exposed  to  these  fields  (2l).  This  seemed  to  indicate 
that  certain  electric  component  energies  have  to  be  available  in  the 
transition  period  for  appropriate  acceleration. 

The  disregard  of  the  role  of  electric  energy  foms  explains 
the  difficulty  of  establishing  valid  prediction  of  decon^josition  tem¬ 
peratures  of  metastable  materials.  Many  attempts  have  been  made  but 
none  of  the  predictions  approached  the  observed  temperature  ranges 
closely  enough  (2l),  (22),  (23).  It  is  realized  that  the  problem  of 
establishing  a  satisfactory  model  of  the  transition  from  initiation 
to  detonation  is  a  very  complex  one  and,  therefore,  difficult  to 
establish.  The  inclusion  of  electric  and  magnetic  phenomena  into 
this  model  will  probably  simplify  the  understanding  of  the  phenomena 
and  ultinmttely  enable  one  to  predict  the  circumstances  leading  to 
detonation  of  metastable  substances. 


1.  F.  P.  Bowden,  0.  A.  J.  Gurton;  Proc.  Roy.  Soc.  (London),  Vol. 
AI98,  page  550,  (19^9)- 

2.  J.  G.  Dodd,  Jr.s  Quarterly  Progress  Report,  11  Dec  1955-10  Mar 
1956,  Contract  DA -44-009 -ENG -24-39,  Univ.  of  Arkansas,  page  2. 

3.  M.  D.  Kemp,  Proc.  of  the  1959  Army  Research  Conference,  West 
Point,  N.  Y.,  Vol.  2,  page  1,  (1959) • 

4.  J.  G.  Dodd,  Jr.s  Final  Report,  Contract  DA -44-009 -ENG -3152, 

9  Oct  1957ji  Univ.  of  Arkansas,  page  35 » 

5.  Z.  V.  Harvaliks  Quarterly  Progress  Report,  11  June  1955-10  Sep 
1955,  Contract  DA-44-009-SNG-2439,  Univ.  of  Arkansas,  page  10. 

6.  B.  Meerkaempers  Ztsch.  f.  Electrochemie,  Vol.  58,  page  387, 

(1955). 


844 


Harvalik 


7.  J*  Eggert:  Proc.  Roy.  Soc.  (London),  Vol.  A246,  page  2^0, 

(1958) . 

8.  Yao  Chiang:  Qimrterly  Progress  Report,  1  May-51  Jul  195^>  Con¬ 
tract  NOrd  104l7,  Univ.  of  Arkansas,  page  25. 

9.  L.  G.  Bolkhovitinov:  Dokl.  Akad*  Navik,  USSR,  Vol.  125,  page 
570,  (1959). 

10.  L.  G.  Bolkhovitinov:  Dokl.  Akad.  Nauk,  USSR,  Vol.  126,  page 

322,  (1959)- 

11.  G.  J.  King;  Private  Communication,  BRG,  USAERDL,  (i960),  (to  be 
published) . 

12.  Z.  V.  Harvalik:  Proc.  of  the  1957  Army  Research  Conference, 

West  Point,  N.  Y.,  Vol.  3  page  189  (l957). 

15.  J.  G.  Dodd,  Jr.:  Technical  Report,  Contract  DA-44-009-ENG-2l|-59 
15  Aug  1956,  Univ.  of  Arkansas. 

14.  H.  M.  Dumas,  Jr.:  Technical  Report,  Contract  DA-44-009-ENG-2459^ 
31  Aug  1956,  Univ.  of  Arkansas. 

15.  G.  J.  King,  B.  S.  Miller,  F.  F.  Carlson,  R.  C.  McMillan;  Journal 
Chem.  Phys.,  Vol.  32,  page  9^>  (i960). 

16.  B.  S.  Miller;  Joum.  Chem.  Phys.,  (i960),  (in  press). 

17.  Z.  V.  Ifeirvalik:  Proc.  Contractors  Conference,  Project  8-07-11- 

kkO,  page  1,  (1959)- 

18.  H.  Kolsky:  Natxire,  Vol.  173,  page  77,  (195^)* 

19.  T.  Takaimra:  Publ.  Astron.  Soc.,  Japan,  Vol.  7,  page  210, 

(1955). 

20.  W.  A.  Bone,  R.  P.  Frazer,  W.  H.  Wheller:  Transact.  Phil.  Soc., 
(Londony,  Vol.  A255,  page  29,  (l935). 

21.  M.  A.  Cook:  The  Science  of  High  Explosives,  Reinhold  Publ.  Co., 
New  York,  (1958),  page  1U3  ff. 

22.  S.  Ling:  1st  Quarterly  Rpt,9  Oct  1959-5  Feb  i960.  Contract 
DA-4U-009-ENG-4158,  PEC,  Boulder,  Colorado,  page  1. 

25.  M.  Mi sushi ma:  2nd  Quarterly  Report,  5  Feb-6  May  i960.  Contract 
DA-44-009-ENG-4158,  PEC,  BoiiLder,  Colorado,  page  1. 

24.  D.  P.  Easter:  Private  Communication,  BRG,  USAERDL,  (i960),  (to 
be  published). 


845 


AUTHOR  INDEX 


Allison,  F.E. 

112 

Alster,  J. 

693 

Amster,  A. 

584 

Austing,  J.L. 

396 

Aziz,  A.K. 

205 

Bean,  CM. 

1 

Beauregard,  R. 

584 

Bernstein,  D. 

88 

Boyle,  V.M. 

520 

Brandon,  W.W. 

822 

Cachia,  G.P. 

1 

Campbell,  A.W. 

469,499 

Chaiken,  R.F. 

305 

Clark,  E.N. 

833 

Clay,  R.B. 

150 

Coleburn,  N.L. 

761 

Cook,  M.A. 

150,184,357 

Davis,  W.C. 

469,499 

Deal,  W.E. 

386 

Dorough,  G.D. 

738 

Drimmer,  B.E. 

706,761 

Enig,  J.W. 

534 

Erikson,  T.A. 

24 

Erkman,  J.O. 

253 

Funk,  A.G. 

184 

Gey,W.A. 

813 

Gibson,  F.C. 

436 

Hauver,  G.E. 

241 

Harvalik,  Z.V. 

842 

Hayes,  B. 

139 

Hess,  W.R. 

42 

Hurwitz,  H. 

205 

Jacobs,  S  J. 

784 

Jaffe,  I. 

584 

James,  E.,  Jr. 

327 

Jameson,  R.L. 

120 

Joyner,  T.B. 

50 

Kamlet,  M.J. 

671 

Kendrew,  E.L. 

202,574 

Keyes,  R.T. 

150,184,357 

Kinaga,  K. 

813 

Kirkham,  J. 

1 

Kury,  J.W. 

738 

Liddiard,  T.P.,  Jr. 

706,761 

Ling,  R.C. 

42 

Macek,  A. 

606 

Mader,  C.L. 

725 

Mason,  C.M. 

436 

McKnight,  C.E. 

635 

Moore,  D.B. 

88 

Muller,  G.M. 

88 

Napadensky,  H.S. 

396,420 

Ockert,  K.F. 

822 

Orlow,  T. 

226 

Paszek,  J. 

520 

Piacesi,  D. 

226 

Porter,  S.J. 

309 

Ramsay,  J.B. 

499 

Rinehart,  J.S. 

285 

Sadwin,  L.D. 

309 

Savitt,  J. 

309,396,420 

Schwartz,  F.R. 

833 

Seay,  G.E. 

562 

Seely,  L.B.,  Jr. 

562 

Sharpies,  R.E. 

738 

Shupe,  O.K. 

150 

846 


Smith,  L.C. 

327 

Sternberg,  H.M. 

205,226 

Stresau,  R.H. 

309,396,420 

Sultanoff,  M. 

520 

Summers,  C.R. 

436 

Taylor,  B.C. 

267 

Taylor,  J.W. 

77 

Travis,  J.R. 

469,499 

Udy,L.L. 

150 

Urizar,  MJ. 

327 

Ursenbach,  W.O. 

357 

VanDolah,  R.W. 

436 

Verhoek,  F.H. 

50 

Wachtell,  S. 

635 

Wenograd,  J. 

10,60 

Whitbread,  E.G. 

202,574,659 

Wilkins,  M. 

721 

Winning,  C.H. 

455 

Zovko,  C.T. 

606 

847 


